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ABSTRACT 
 
 The purpose of this study was to test the growth of organisms from terrestrial Mars 
analog environments when exposed to Mars-like conditions.  
First, the growth of over 75 bacterial strains from the Atacama Desert was tested in the 
presence of high concentrations (50 mM to 1 M ) of three different perchlorate salts – NaClO4 ∙ 
H2O, Mg(ClO4)2 ∙ 6 H2O, and Ca(ClO4)2 ∙ 4 H2O found on the Martian surface. Strains tested 
belonged to a variety of genera such as Blastococcus, Microvirga, Geodermatophilus, and 
Kocuria. Control strains used for comparison included a number of Gram-positive and Gram-
negative bacteria, many that were isolated from other extreme environments. In general, a 
decrease in bacterial growth was observed as perchlorate concentration increased. Atacama 
Desert isolates, especially Blastococcus and Kocuria sp., grew at higher perchlorate 
concentrations than any of the bacterial control strains. It was noted that Gram-positive 
organisms are capable of growing at higher perchlorate concentrations than Gram-negative 
organisms. Results from these tests have applications in research involving bacterial 
perchlorate tolerance, as well as the search for life on Mars. 
Secondly, the diversity of ionizing-radiation resistant bacteria in permafrost soil was 
studied by exposing two soil samples from the Canadian High Arctic to various doses of gamma 
radiation. Samples were exposed to 0 (unirradiated), 1, 2, 3, and 11.1 kGy doses and 
subsequently dilution plated onto a variety of nutrient media including marine agar, R2 agar, 
1/100 PCA, and 1/10 PCA. Cfu ranged from 1.5 x 105 to 2.3 x 105 for unirradiated samples and 
3.0 x 102 to 1.8 x 103 for samples exposed to 11 kGy. Colonies were selected from irradiated 
ix 
samples and 16S rRNA gene sequencing was used to identify the isolates as belonging to a 
number of genera including Hymenobacter, Pontibacter, Arthrobacter, Salinibacterium, and 
Paenibacillus. Phylogenetic analysis showed that nine strains were related to species of the 
genus Hymenobacter, and these were chosen for further characterization. This study identifies 
radiation resistant, psychrotolerant bacteria from permafrost and demonstrates the use of this 
selective technique to isolate them from the total bacterial community.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
CHAPTER I 
INTRODUCTION 
 
 Research interest in the field of astrobiology, especially concerning possible life on 
Mars, has been on the rise in recent years. Mars Exploration Rovers and landers have been 
launched by NASA with the goal of detecting life on Mars through geological and geochemical 
analysis. The primary reason for the heated search for Martian life is the discovery of signs of 
liquid water having been present in Mars’ history, a determination reached by multiple studies 
based on data collected from Mars rovers and orbital surveying efforts (Carr 2012; Cull 2010; 
Ehlmann et al. 2011; Malin and Carr 1999; McKay 2010). One of the goals of NASA’s Mars 
Exploration Program is to determine whether life ever existed on Mars, and studying the 
planet’s past water activity is the starting point in making that determination 
(http://marsrovers.jpl.nasa.gov). It is apparent that life on Earth originated soon after surface 
conditions were conducive to the formation of liquid water (Abramov and Mojzsis 2009), and 
thus, tracing water signatures back to an origin on Mars may very well lead to the remnants of 
whatever life may have existed or still exists on the planet. 
 In addition to water signatures, it has been determined that other environmental 
conditions of early Mars were similar to that of early Earth, namely warmer temperatures and 
dense atmospheric conditions (McKay 2010; Pollack 1987). Therefore, it can be hypothesized 
that if life did evolve on Mars under these conditions, it could share an evolutionary similarity 
to life on Earth. If so, this could mean that Martian life may be similar in appearance and/or 
habitat, metabolism, and mechanisms of survival to organisms capable of tolerating similar 
conditions on Earth. Any past or present life on Mars would be subjected to many 
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environmentally harsh conditions including low nutrient and water availability, freezing 
temperatures, exposure to high levels of radiation, and the presence of high concentrations of 
salt compounds in the soil (Clark 1998; Clark and Van Hart 1981; Crisler et al. 2012; Vaniman et 
al. 2004). Somewhat comparable conditions can be found in various environments on Earth, 
and researching the life forms in these areas is the key to understanding the origin of life on 
Earth, which in turn provides clues as to the possibility of life on other planets. The objective of 
this study is to investigate the characteristics of bacteria isolated from extreme environments 
on Earth, and test their growth and limits of survival when exposed to one or more conditions 
currently present on Mars.  
 Current surface conditions on Mars have been determined to be inhospitable to all 
known life forms (McKay 2010). The average surface temperature of -60 °C (McKay 2010) would 
certainly be one factor limiting bacterial growth, although studies have found that low-level 
microbial metabolic activity occurs in Alaskan tundra soils incubated at -39 °C (Panikov et al. 
2005) and in laboratory conditions ranging from -80 to -196 °C (Junge et al. 2006). Extremely 
low atmospheric pressure is another obstacle for life on Mars, with a global average pressure of 
0.69 kPa (Berry et al. 2010), near the triple point of water; currently, microbes have only been 
known to grow at as low as 2.5 kPa (Berry et al. 2006; Schuerger et al. 2006). Perhaps the most 
lethal surface condition is the exposure to high levels of UVC radiation (λ = 200-280 nm) that 
penetrates through the thin Martian atmosphere (Newcombe et al. 2005; Osman et al. 2008b). 
Much of the focus in studying the effects of extreme UV radiation on bacteria has been in 
relation to survival of vegetative cells or spore-formers like Bacillus subtilis (Berry et al. 2010; 
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Newcombe et al. 2005; Schuerger et al. 2003; Tauscher et al. 2006) as bacterial growth and 
replication in Martian surface conditions is not probable.  
 Subsurface soil conditions on Mars do not prove to be much more hospitable to life than 
the surface, although it has been demonstrated that subsurface soil may largely be protected 
from the lethal effects of UV radiation (Osman et al. 2008b). Other inhibitory factors are 
present, however, as high concentrations of oxidizing minerals, heavy metals, as well as 
chlorine- and sulfur-based salts that are present as chlorides, perchlorates, and sulfates (Berry 
et al. 2010; Clark and Van Hart 1981; Crisler et al. 2012; Vaniman et al. 2004). As such, an 
increasing number of studies have been investigating the growth and survival of bacteria in the 
presence of high salt concentrations found in soil on Mars, and indeed have demonstrated 
numerous examples of halotolerant and halophilic bacteria capable of proliferating in these 
conditions (Berry et al. 2006; Crisler et al. 2012; Grant 2004; Hallsworth et al. 2007).  
The first aspect of this study involved testing the ability of bacterial strains to survive 
and grow in the presence of perchlorates. Perchlorate salts have been determined to currently 
exist in Martian surface soil (Hecht et al. 2009; Kounaves et al. 2009). Any life forms present in 
Martian soil would need to be capable of tolerating high concentrations of perchlorates and 
other salts previously mentioned. The test subjects used in these experiments were bacteria 
isolated from the extremely arid Atacama Desert, an extensively studied environmental analog 
of Mars, also known to contain high concentrations of naturally occurring perchlorate salts.  
The second aspect of the study was to determine the presence and identity of ionizing 
radiation resistant bacteria in Arctic permafrost. Martian permafrost shares many similarities to 
4 
permafrost found on Earth (Smith and McKay 2005), and as such, studying organisms from 
terrestrial permafrost provides a compelling example of what fossilized life preserved in 
Martian permafrost might look like. Radiation resistance could be considered an important 
characteristic for any microbial resident of permafrost when taking into consideration the 
constant background radiation that such stable permanently frozen soil is exposed to over long 
periods of time. Isolates from this study may be considered analogs of hypothetical Martian life, 
or at the very least, display characteristics that life on Mars would have needed for survival. 
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CHAPTER II 
GROWTH OF BACTERIAL ISOLATES FROM THE ATACAMA DESERT AT  
HIGH CONCENTRATIONS OF PERCHLORATE 
 
Introduction 
 Recent data obtained from the Phoenix Mars Lander, which landed in the northern 
plains of Mars in 2008, demonstrated the presence of the perchlorate anion distributed 
throughout the soil column at the landing site (Hecht et al. 2009; Kounaves et al. 2009). 
Perchlorates are highly oxidizing salt compounds that are extremely soluble in water. Calcium, 
magnesium, and sodium perchlorate have been identified in Martian soil in concentrations 
within the range of 0.4-0.6 wt% (Hecht et al. 2009); geochemical modeling based on data from 
the Phoenix lander indicates that magnesium perchlorate may exist in the greatest abundance 
(Marion et al. 2010). The existence of perchlorate on Mars is perhaps most significant when 
considering the implications that this discovery has on the existence of liquid water on Mars. It 
has been suggested that liquid perchlorate brines could be present in Martian conditions, and 
may remain liquid for at least up to a few hours (Chevrier et al. 2009). Another study by Cull et 
al. (2010) explains that the distribution of perchlorate in the soil on Mars is indicative of the 
perchlorate having been solubilized and translocated by thin film liquid water.  
Terrestrial perchlorate is primarily synthetic and is utilized in industrial lubricants and 
pyrotechnics (Trumpolt et al. 2005); Perchlorates are generally regarded as an environmental 
pollutant, especially of groundwater (Coates and Achenbach 2004; Motzer 2001). As such, the 
extent of knowledge involving the relationship between bacteria and perchlorate is limited to 
the area of bioremediation (Coates and Achenbach 2004). Organisms such as Dechloromonas 
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and Dechlorospirillum are known to anaerobically reduce perchlorate, and bioremediation 
methods involving these bacteria have been developed (Coates and Achenbach 2004).  
 Naturally occurring perchlorate is only found in a few environments on Earth, primarily 
in hyper-arid deserts and in the stratosphere (Catling et al. 2010). Deserts in West Texas and 
Bolivian playas are known to contain perchlorates in lower concentrations than Mars soils 
(Dasgupta et al. 2005; Orris et al. 2003). The only area on Earth determined to contain 
perchlorates within the range of concentrations observed on Mars, is the Atacama Desert in 
Chile, South America (Catling et al. 2010; Parro et al. 2011). Known as the driest place on Earth 
(Hickman 1998), this hyper-arid desert is extensively studied as an environmental analog of 
Mars. Low levels of organic matter, limited to no water availability, and oligotrophic conditions 
in many areas of the desert result in extremely low numbers of culturable microorganisms 
(Bagaley 2006; Connon et al. 2007; Navarro-Gonzales et al. 2003; Warren-Rhodes et al. 2006). 
The average concentration of perchlorate in the nitrate ores in the Atacama is determined to be 
~0.03 wt% (Michalski et al. 2004), and can reach up to ~0.6 wt% (Ericksen 1981); comparing this 
with Martian perchlorate concentrations of 0.4 – 0.6 wt% (Hecht et al. 2009), the significant 
similarities between the two environments are apparent. Understanding the source of 
perchlorates in the Atacama Desert may provide insight into the origin of perchlorate on Mars. 
It is hypothesized that perchlorate in the Atacama forms through a series of gas phase 
photochemical reactions in the atmosphere involving chlorine ion oxidation into perchloric acid 
(Catling et al. 2010). This same mechanism is suggested to be responsible for the formation of 
Martian perchlorate as well (Catling et al. 2010). If the two environments have or had similar 
processes leading to the formation of perchlorate, then testing the effects of perchlorate on the 
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growth of bacteria from the Atacama may have possible implications for the search for life on 
Mars and for future planetary protection measures. 
A recently published study investigated the effect of MgSO4, another salt compound 
found in abundance in Martian soil, on the growth of halotolerant bacteria isolated from The 
Great Salt Plains of Utah. Results showed that the bacteria were capable of growing at high 
concentrations (up to 2 M) of MgSO4 (Crisler et al. 2012), and it was determined that bacterial 
halotolerance is linked to tolerance of MgSO4. A comparison of results from this study will 
hopefully serve to elucidate important similarities or differences between bacterial growth at 
high concentrations of perchlorates and sulfates.  
Material and Methods 
Perchlorate-containing culture media  
R2 agar (Difco) was used for growth of all strains in this study. The perchlorate salt was 
dissolved in deionized water, R2A powder was added as per manufacturer instructions, pH was 
adjusted to 7.2, volume was adjusted to 500 mL, and autoclaved. Perchlorates used in this 
study include sodium perchlorate monohydrate (NaClO4 ∙ H2O), magnesium perchlorate 
hexahydrate (Mg(ClO4)2 ∙ 6 H2O) , and calcium perchlorate tetrahydrate (Ca(ClO4)2 ∙ 4 H2O). R2A 
with 50, 100, 200, 400, 600, 800, and 1000 mM Na perchlorate, and 50 – 400 mM for Mg- and 
Ca-perchlorate were tested due to chaotropic effects on agar above 400 mM. An agar 
concentration of 3% w/v was required for solidification of the gel above concentrations of 200 
mM for Mg- and Ca-perchlorate. Thus, 3% agar was added to all media used in this study. The 
same method was used to make R2A with MgSO4 ∙ 7 H2O, KNO3, and NaCl. R2A containing 0.5, 
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1, and 2 M NaCl was used to test the halotolerance of the Atacama strains. R2A with 0.5 and 1 
M KNO3 and 1 M MgSO4 were also tested. 
Bacterial isolates and type strains  
Type strains, control strains, and Deinococcus strains used in this study were obtained 
from DSMZ – Deutsche Sammlung von Mikroorganismen und Zellkulturen, Germany. All 
Atacama Desert isolates were obtained from previous studies in RaineyLab (Bagaley 2006). For 
complete list of strains used in perchlorate testing refer to Appendix A (p.62).  
Incubation and growth  
A standardized amount of cell material from each strain was suspended in 0.85% w/v 
saline and was subsequently spotted onto the perchlorate containing media in 10 µL aliquots. A 
control of R2A + 3% agar and no added perchlorate was used for comparison of growth. Plates 
were incubated at 28° C for all Blastococcus strains and other Atacama Desert isolates; All other 
organisms that were tested on perchlorate were incubated at their respective optimum growth 
temperatures, ranging from 10 – 37 °C for Deinococcus strains and 10 – 28 °C for control strains 
(see Appendix A on p. 69 for a list of all strains and incubation temperatures). Plates incubated 
at ≥ 28° C were incubated for 1 week, while those at 10° C were incubated for 2 weeks; When 
checking growth, the control plate was used for comparison and extent of growth was 
determined and scored relative to the control plate.  
Plating of Atacama soils on perchlorate-containing media  
1/10 concentration plate count agar (PCA) and 1/100 concentration PCA containing 
either Na- or Mg-perchlorate was prepared. Media was prepared with 200 and 400 mM Mg-
perchlorate and 200, 400, and 600 mM Na-perchlorate. Ten soils were chosen for dilution 
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plating onto the perchlorate-containing agar. Eight soils were from the Atacama Desert, 
including AT05-22, AT03-49, AT04-161, AT03-34, AT04-166, AT03-33, AT03-41, and AT03-37. Of 
the remaining two soils, SS05-2 was a sample from the Sahara Desert and 33-40Q was from a 
desert in Oman, United Arab Emirates. 1 g of soil was mixed in 9 mL of 0.85% w/v saline 
solution, and 10 µL aliquots were pipetted onto the perchlorate containing agar plates. Sterile 
plastic spreaders were used to evenly distribute the soil solution on the surface of the agar. 
Plates incubated at 25, 28, and 37 °C were checked for growth at 1 week, during which time 
colony counts were performed. Plates incubated at 10 °C were incubated for 14 days before 
counting colonies. For each media, 1/10 PCA and 1/100 PCA, a control set was also used that 
did not contain perchlorate.  
Survival of Atacama strains in liquid media containing higher concentrations of perchlorate 
Five organisms that survived high (≥ 1 M Na-perchlorate and ≥ 200 mM Ca- and Mg-
perchlorate) were tested for growth at higher concentrations of perchlorate dissolved in R2 
broth (R2B). Organisms tested include KR-187, AT03-49-2, MCC-63, SS05-2-113, and 33-40Q-
101A. R2B was prepared as per instructions from the manufacturer with concentrations of 600 
and 800 mM Mg- and Ca-perchlorate. These concentrations were unable to be tested with solid 
media. One mL of perchlorate containing R2B, as well as a control set of R2B without 
perchlorate, was pipetted into the wells of a 24 well microwell plate. A standardized amount of 
cell material from each of the strains was placed into the well, and plates were incubated at 28° 
C for 1 week. 10 µL aliquots from each well were then pipetted onto R2A, spread with a sterile 
inoculating loop, and incubated at 28° C for one week. Survival of each strain was determined 
based on whether growth was observed on R2A after 1 week incubation. 
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Soil perchlorate determination 
 Results were obtained from Birgit Hagedorn, UAA, Anchorage, Alaska. 
Results and Discussion 
Growth of bacterial strains in the presence of perchlorates 
Increasing concentration of all perchlorate salts had a negative effect on bacterial 
growth and survival. Of all the organisms tested, Blastococcus species grew at the highest 
concentrations of perchlorate salts – see Figures 2.1 – 2.3 (reference additional data in 
Appendix A, p. 65). These Blastococcus strains were mostly isolates from the Atacama Desert, 
two came from the Sahara Desert, and three were previously described strains. Eighty-eight 
percent of 49 Blastococcus strains tested grew at concentrations up to 400 mM Na-perchlorate, 
whereas only 45% of 33 other isolates from the Atacama grew at concentrations of 400 mM Na-
perchlorate. Three species of Blastococcus, one being the previously described strain 
Blastococcus jejuensis, grew at 1 M Na-perchlorate. Some other Atacama strains that survived 
at exceptionally high concentrations (≥400 mM Na-perchlorate) include Kocuria sp. (AT04-166-
1), Geodermatophilus sp. (KR-56), and Modestobacter sp. (AT04-159-22). Other bacteria that 
were used for comparison with the Atacama isolates generally did not grow at high perchlorate 
concentrations. A group of Hymenobacter isolates from permafrost did not grow at the lowest 
concentration tested (50 mM) of any perchlorate. Twenty one Deinococcus strains that were 
tested did not grow at greater than 200 mM Na-perchlorate. Less than 30% of these grew at 
100 mM Mg- and Ca-perchlorate. Of a group of control strains from various taxonomic groups 
and different environments (refer to Appendix A for complete list of strains), Bacillus subtilis 
grew at concentrations similar to the isolates from the Atacama Desert, up to 600 mM Na- 
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Strain Designation Species Name R2A + 3% Agar 400 mM 600 mM 50 mM 100 mM 50 mM 100 mM
DSM 14746T Sphingomonas aerolata ++ - - - - - -
DSM 10604T Pseudomonas syringae +++ - - - - - -
DSM 15428T Paenisporosarcina macmurdoensis ++++ - - +++ +++ - -
DSM 21396T Deinococcus gobiensis ++++ - - - - - -
DSM 14418T Georgenia muralis ++++ +++ - ++++ - ++ -
DSM 21230T Deinococcus aetherius + - - - - - -
DSM 10T Bacillus subtilis ++++ +++ ++ ++++ ++++ +++ +++
DSM 30147T Rhizobium radiobacter ++++ - - ++ - - -
DSM 40313T Streptomyces albus ++++ ++++ - ++++ ++++ ++++ -
DSM 21212T Deinococcus aerius ++++ - - - - - -
DSM 21991T Sporosarcina antarctica ++++ - - - - - -
NaClO4 MgCl2O8 CaCl2O8
perchlorate and up to 100 mM Mg- and Ca-perchlorate. Two other species that grew at 
relatively high concentrations were Streptomyces albus and Georgenia muralis (See Table 2.1).  
 
 
Table 2.1. The highest concentration of perchlorates at which control strains exhibited growth 
Figure 2.1. Percentage of strains growing at high concentrations of Na-perchlorate (NaClO4) 
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Figure 2.3. Percentage of strains that growing at high concentrations of Ca-perchlorate 
(Ca(ClO4)2) 
 
Figure 2.2. Percentage of strains that growing at high concentrations of Mg-perchlorate 
(Mg(ClO4)2) 
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Chaotropic effects and water activity of perchlorate-containing media 
 The concentration at which growth occurred for all organisms was dependent on the 
type of perchlorate salt. In general, bacterial strains could grow at greater concentrations of Na-
perchlorate than either Mg- or Ca-perchlorate. Additionally, strains grew at higher 
concentrations of Mg-perchlorate than Ca-perchlorate. These results likely reflect the varying 
degrees of water activity and chaotropicity exhibited by the three different perchlorates. 
Chaotropicity refers to the characteristic of disrupting or denaturing molecular structures such 
as proteins, water, and other macromocules (Hallsworth et al. 2003). Water activity is defined 
as the vapor pressure of air in equilibrium with a solution to that of pure water (Grant 2004). 
Simply put, the higher the solute concentration of a given system, the lower the water activity, 
and consequently, greater osmotic stress inflicted on organisms living in that system. 
 It has previously been proposed in a study involving the effects of MgCl2 on bacterial 
growth, that chaotropic effects of MgCl2 are solely responsible for inhibiting bacterial growth 
rather than water activity (Hallsworth 2007). The specific mechanism of bacterial perchlorate 
tolerance was not determined in this study, but it appears that chaotropicity and water activity 
are closely related, and thus it is possible that in perchlorate solutions a combination of the two 
factors result in inhibition of bacterial growth. 
 Initially, before addition of an extra 3% agar, 200 mM was the cutoff concentration for 
both Mg- and Ca-perchlorate before agar failed to solidify. After an additional 3% agar, 
concentrations up to 400 mM solidified. At 3% added agar, a concentration of 1 M Na-
perchlorate could be solidified. Comparing this data with bacterial growth, a correlation is 
observed between growth of bacteria and concentration at which agar cannot solidify. Only 
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28% of Atacama isolates grew at 200 mM Mg-perchlorate, and only 9% grew at 200 mM Ca-
perchlorate. This concentration was initially the concentration at which media could not solidify 
without an extra 3% agar. At the new limit for solidification, 400 mM for Mg- and Ca- 
perchlorate, there was near zero growth of any isolates. This suggests that inhibition of 
bacterial growth is due to chaotropic effects. The organisms that could survive at 
concentrations beyond the limit of agar solidification, which include a few strains of 
Blastococcus and a Kocuria sp. that survived up to 1 M Na-perchlorate, are worth noting for 
future studies. These particular strains may serve as the best models for studying perchlorate 
resistance in bacteria. 
Gram-positive versus Gram-negative growth in the presence of perchlorates  
A comparison between growth of Gram-positive and Gram-negative bacteria used in 
this study demonstrates noticeable differences in perchlorate tolerance. Gram-negative 
organisms exhibited limited growth at high concentrations of perchlorate relative to Gram-
positive bacteria; organisms surviving some of the highest perchlorate concentrations tested 
were all Gram-positive bacteria. Blastococcus strains, for example, are Gram-positive organisms 
and consistently showed growth at higher perchlorate concentrations than other bacteria. A 
Kocuria strain from the Atacama Desert is another Gram-positive organism that grew at up to 1 
M Na-perchlorate, 200 mM Mg-perchlorate, and 100 mM Ca-perchlorate. Of the 11 control 
strains, Georgenia muralis, Bacillus subtilis, Paenisporosarcina macmurdoensis, and 
Streptomyces albus were the only organisms capable of growing at concentrations ≥400 mM 
Na-perchlorate and up to 100 mM Mg-perchlorate; all four of these strains are Gram-positive. 
B. subtilis and P. macmurdoensis are known spore-formers which may provide some insight into 
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perchlorate tolerance, but another spore-former, Sporosarcina antarctica, interestingly did not 
grow at any concentration of perchlorate tested. A probable explanation for this result is that S. 
antarctica was incubated at 10 °C, and water activity is known to decrease at lower 
temperatures (Gunde-Cimerman et al. 2003), resulting in a greater inhibitory effect on S. 
antarctica than organisms incubated at higher temperatures. 
Of the 11 Gram-negative Microvirga strains from both the Atacama and Oman, most 
exhibited limited growth on all perchlorate media, i.e. < 400 mM Na-perchlorate and < 100 mM 
Mg- and Ca-perchlorate. One exception was a Microvirga strain, 33-40Q-101A, capable of 
growth at up to 800 mM Na-perchlorate, 200 mM Mg-perchlorate, and 100 mM Ca-perchlorate; 
these results are comparable with the majority of Blastococcus strains. Deinococcus strains, 
with cell walls structurally similar to Gram-negative organisms, also exhibited very limited 
perchlorate tolerance compared with other tested strains (See Figures 2.1 – 2.3). The majority 
of the Gram-negative control strains exhibited no growth at any concentration of perchlorate 
tested, and those that did grow could only tolerate concentrations of < 100 mM of any 
perchlorate (see Table 2.2). Rhizobium radiobacter was capable of growth at 100 mM Na-
perchlorate and 50 mM Mg-perchlorate; this was the only Gram-negative organism in the 
control group that displayed growth in the presence of perchlorate, and it is also known to 
produce extracellular polysaccharide (EPS). Therefore, it is possible that production of EPS may 
provide some protection against inhibition of growth by perchlorate.  
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Strain Designation Species Name Gram Type NaClO4 MgCl2O8 CaCl2O8
DSM 21991T Sporosarcina antarctica (+) NG NG NG
DSM 40313T Streptomyces albus (+) 400 mM 100 mM 100 mM
DSM 15428T Paenisporosarcina macmurdoensis (+) NG 100 mM NG
DSM 10T Bacillus subtilis (+) 600 mM 100 mM 100 mM
DSM 14418T Georgenia muralis (+) 400 mM 50 mM 50 mM
DSM 21230T Deinococcus aetherius (-) NG NG NG
DSM 14746T Sphingomonas aerolata (-) NG NG NG
DSM 30147T Rhizobium radiobacter (-) 100 mM 50 mM NG
DSM 21396T Deinococcus gobiensis (-) 100 mM NG NG
DSM 21212T Deinococcus aerius (-) NG NG NG
DSM 10604T Pseudomonas syringae (-) NG NG NG
Based on these data, a correlation is observed between higher perchlorate tolerance 
and cell wall type. It is possible that a thicker peptidoglycan layer in Gram-positive bacteria 
could provide a mechanistic basis for perchlorate tolerance.  
 
Bacterial growth in the presence of MgSO4, KNO3, and NaCl  
 All strains of bacteria that were tested for growth on perchlorate containing media were 
also tested for growth on R2A containing high concentrations of each of three different salts, 
MgSO4 ∙ 7H2O, KNO3, and NaCl. The objective of this experiment was to observe any existing 
relationships between epsotolerance, halotolerance, and perchlorate tolerance. The 
Blastococcus strains from the Atacama Desert grew at the highest concentrations of NaCl, 
compared with the other Atacama isolates and other control organisms tested. It is important 
to note that whereas 61% of Blastococcus strains grew at 1 M NaCl, less than 4% of the same 
strains grew at 1 M Na perchlorate; this result clearly highlights the greater chaotropicity and 
lower water activity of perchlorates, which results in greater inhibitory effects on bacterial 
Table 2.2. The highest concentration of perchlorate at which Gram(+) and Gram(-) control 
strains exhibited growth. NG - no growth observed 
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growth. Considering % w/v of the two solutions reveals the significant difference in available 
water. Whereas a 1 M NaCl solution is 6% w/v, a 1 M Na-perchlorate solution is 13% w/v; thus, 
the greater inhibitory effect of Na-perchlorate versus NaCl may be a result of the greater 
amount of solute present at the same molarity, resulting in less available water. 
Of the control strains, Pseudomonas syringae, Paenisporosarcina macmurdoensis, 
Georgenia muralis, and Streptomyces albus were capable of growth at up to 1 M NaCl, and 
Bacillus subtilis exhibited growth at 2 M NaCl (refer to Figure 2.2). Deinococcus strains displayed 
extremely limited growth in the presence of NaCl, with only 29% of strains growing at 0.5 M 
NaCl and no further growth at higher NaCl concentrations. 
 
Figure 2.4. Percentage of strains growing in the presence of 0.5, 1, and 2 M NaCl 
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Growth in the presence of KNO3 was limited in comparison with perchlorate and MgSO4, 
with about 41% of Blastococcus strains growing at 0.5 M KNO3, which then decreased to 8% at 
1 M KNO3. Again, other Atacama isolates and Deinococcus strains exhibited lower growth on 
KNO3-containing media compared with Blastococcus strains. Two of the control strains, Bacillus 
subtilis and Streptomyces albus, grew at 1 M KNO3.  
96% of Blastococcus isolates were capable of growing at 1 M MgSO4. This is interesting 
when considering that at 400 mM Mg-perchlorate concentration, few Blastococcus exhibited 
growth. Again, this result illustrates the lower water activity and greater chaotropic effects of 
perchlorate versus MgSO4. Considering % w/v, a 1 M solution of KNO3 is 10% w/v, compared 
with a 1 M MgSO4 solution which is 12% w/v. The greater number of organisms observed 
growing at 12% w/v MgSO4 versus 10% w/v KNO3 is most likely due to the fact that MgSO4 ∙ 7 
H2O was used in this study. Comparing these values with Mg-perchlorate, a 400 mM solution of 
Mg-perchlorate is 9% w/v. It is therefore evident that, due to molecular mass, more solute is 
present in perchlorate solutions than other salts at similar molarities, thus reducing the water 
activity. 
Previous studies have found that high sulfate systems have higher water activities than 
high chloride systems at identical concentrations (Crisler et al. 2012; Grant 2004; Hallsworth et 
al. 2003; Marion et al. 2010); these systems with high chloride concentrations are far less 
permissive of bacterial growth than the high sulfate systems. This comparison of water 
activities and % w/v calculations between chlorides, sulfates, and perchlorates explains the 
results observed in this study with perchlorates. An analysis of bacterial growth at similar 
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concentrations of the salts tested in this study indicates that high-perchlorate solutions exhibit 
lower water activities than sulfate or chloride-dominated systems, making high perchlorate 
systems more inhibitory to bacterial growth. When taking into account % w/v of these different 
salt solutions, it is evident that inhibition of bacterial growth is a result of a greater amount of 
solute present in perchlorate solutions. Incidentally, it is also fitting to point out that MgSO4 is 
present in far higher concentrations than any perchlorates on Mars, by a ratio of 4:1 (Crisler et 
al. 2012). This correlates with the greater inhibitory effects of perchlorate on bacterial growth, 
but more importantly, emphasizes the ability of these Blastococcus strains from a Mars analog 
environment to grow at high concentrations of multiple salts found in abundance on the 
Martian surface.  
A relationship is observed between bacteria that display perchlorate tolerance and 
tolerance to other salts like MgSO4, KNO3, and NaCl. One example is the Blastococcus strain 
AT03-49-2, that grew at up to 2 M NaCl, 1 M KNO3, and 1 M MgSO4 – the highest 
concentrations tested in this experiment. This same strain grew at up to 1 M Na perchlorate 
and up to 400 mM Mg- and Ca-perchlorate, the only strain able to do so. AT03-34-7, another 
Blastococcus strains, grew at 1 M Na-perchlorate, and also grew at all of the previously 
mentioned highest concentrations of NaCl, KNO3, and MgSO4. On the other hand, the strain 
AT03-40-35 only grew at 0.5 M NaCl, not exhibiting growth at any tested concentrations of 
KNO3 and MgSO4. Accordingly, this strain only showed growth at < 100 mM Mg- and Ca-
perchlorate – only 4% of Blastococcus were not capable of growing at 100 mM Mg-perchlorate; 
thus, this result clearly highlights the relationship between bacterial growth across various salts. 
Essentially, strains that are sensitive to salts like MgSO4, KNO3, and NaCl also exhibit increased 
20 
Strain Designation Species Name NaClO4 MgCl2O8 CaCl2O8 NaCl  KNO3 MgSO4
AT03-49-2 Blastococcus  sp. 1 M 400 mM 400 mM 2 M 1 M 1 M
AT03-34-7 Blastococcus  sp.  1 M 200 mM 200 mM 2 M 1 M 1 M
AT03-40-35 Blastococcus  sp.  400 mM 50 mM 50 mM 0.5 M NG NG
AT03-33-58 Blastococcus  sp.  400 mM 50 mM 100 mM 0.5 M NG NG
DSM 10T Bacillus subtilis 600 mM 100 mM 100 mM 2 M 1 M 1 M
Highest Concentration at which Growth Occurred
Strain Designation Species Name R2A + 3% Agar 0.5 M NaCl 1.0 M NaCl 2.0 M NaCl 0.5 M KNO3 1.0 M KNO3 1.0 M MgSO4
DSM 10604T Pseudomonas syringae ++++ ++++ + - + - ++++
DSM 15428T Paenisporosarcina macmurdoensis ++++ ++++ + - - - ++++
DSM 14418T Georgenia muralis ++++ ++++ ++++ - ++ - ++++
DSM 40313T Streptomyces albus ++++ ++++ ++++ - ++++ ++++ ++++
DSM 10T Bacillus subtilis ++++ ++++ ++++ ++++ ++++ ++++ ++++
DSM 21212T Deinococcus aerius ++ - - - - - -
DSM 30147T Rhizobium radiobacter ++++ ++++ - - - - ++++
sensitivity to perchlorates. Higher tolerance to MgSO4, KNO3, and NaCl results in higher 
tolerance of perchlorate as well. However, perchlorate compounds have the greatest inhibitory 
effects on bacterial growth in comparison to other salt compounds at similar concentrations.  
     
Table 2.4. Growth of control strains in the presence of NaCl, KNO3, and MgSO4 
Table 2.3. Growth of Blastococcus strains and Bacillus subtilis in presence of high salt 
concentrations. NG – no growth observed. 
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Strain Designation Species Name R2A + 3% Agar 0.5 M NaCl 1.0 M NaCl 2.0 M NaCl 0.5 M KNO3 1.0 M KNO3 1.0 M MgSO4
AT04-159-25 Blastococcus sp. ++++ ++++ ++++ - - - ++++
AT04-159-34 Blastococcus sp. ++++ ++++ - - ++ - ++++
AT04-159-37 Blastococcus sp. ++++ ++++ - - - - ++++
AT04-159-106 Blastococcus sp. ++++ +++ - - - - ++++
AT04-159-113 Blastococcus sp. ++++ ++++ - - - - ++++
AT03-33-18 Blastococcus sp. ++++ ++++ + - - - ++++
AT03-33-24 Blastococcus sp. ++++ ++++ + - - - +++
AT03-33-58 Blastococcus sp. ++++ +++ - - - - -
AT03-34-7 Blastococcus sp. ++++ ++++ ++++ + ++++ ++++ ++++
AT03-34-9 Blastococcus sp. ++++ ++++ - - - - ++++
AT03-36-18 Blastococcus sp. ++++ ++++ - - - - ++++
AT03-37-6 Blastococcus sp. ++++ ++++ - - - - ++++
AT03-37-10 Blastococcus sp. ++++ ++++ - - - - ++++
AT03-40-15 Blastococcus sp. ++++ ++++ +++ - - - ++++
AT03-40-35 Blastococcus sp. ++++ ++++ - - - - -
AT03-41-4 Blastococcus sp. ++++ ++++ - - - - ++++
AT03-43-14 Blastococcus sp. ++++ ++++ + - + - ++++
AT03-49-2 Blastococcus sp. ++++ ++++ ++++ ++++ ++++ ++++ ++++
AT04-151-2 Blastococcus sp. ++++ ++++ +++ - ++ - ++++
AT04-153-2 Blastococcus sp. ++++ ++++ ++++ - - - +++
AT04-153-15 Blastococcus sp. ++++ ++++ - - - - ++++
AT04-153-24 Blastococcus sp. ++++ ++++ - - - - ++++
AT04-153-4 Blastococcus sp. ++++ ++++ - - - - ++++
AT04-161-28 Blastococcus sp. +++ +++ - - - - ++++
AT04-161-23 Blastococcus sp. ++++ ++++ ++ - - - ++
AT04-161-100 Blastococcus sp. ++++ ++++ - - - - ++++
AT04-161-96 Blastococcus sp. ++++ ++++ - - ++++ - ++++
AT04-164-3 Blastococcus sp. ++++ ++++ +++ - ++++ - ++++
AT04-164-23 Blastococcus sp. ++++ ++++ +++ - - - ++++
AT04-164-27 Blastococcus sp. ++++ ++++ +++ - ++++ - ++++
AT04-165-12 Blastococcus sp. ++++ ++++ +++ - - - ++++
AT04-165-16 Blastococcus sp. ++++ ++++ +++ - + - ++++
AT04-165-27 Blastococcus sp. ++++ ++++ +++ - - - ++++
AT04-166-23 Blastococcus sp. ++++ ++++ +++ - - - ++++
AT04-166-25 Blastococcus sp. ++++ ++++ +++ - - - ++++
AT04-166-64 Blastococcus sp. ++++ ++++ +++ - ++++ - ++++
AT04-166-109 Blastococcus sp. ++++ ++++ + - - - ++++
AT04-166-169 Blastococcus sp. ++++ ++++ ++++ - ++++ - ++++
AT04-166-159 Blastococcus sp. ++++ ++++ - - - - ++++
SS05-2-14 Blastococcus sp. ++++ ++++ ++++ - ++++ ++ ++++
SS05-2-113 Blastococcus sp. ++++ ++++ - - ++++ - ++++
MCC-59 Blastococcus sp. ++++ + - - - - ++++
KR-187 Blastococcus sp. ++++ ++++ ++++ - - - ++++
KR-206 Blastococcus sp. ++++ ++++ ++++ - +++ - ++++
KR-207 Blastococcus sp. ++++ ++++ ++++ - +++ - ++++
KR-209 Blastococcus sp. ++++ ++++ ++++ - +++ - ++++
KR-214 Blastococcus sp. ++++ ++++ ++++ - +++ - ++++
B. jeju Blastococcus jejuensis ++++ ++++ ++++ - +++ +++ ++++
B. ag Blastococcus aggregatus ++++ ++++ ++ - +++ - ++++
B. sax Blastococcus saxobsidens ++++ ++++ +++ - +++ - ++++
   
Table 2.5. Growth of all Blastococcus strains in the presence of NaCl, KNO3, and MgSO4 
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Strain Designation Species Name R2A + 3% Agar 0.5 M NaCl 1.0 M NaCl 2.0 M NaCl 0.5 M KNO3 1.0 M KNO3 1.0 M MgSO4
AT04-159-22  Modestobacter sp. ++++ ++++ + - ++ - ++++
G. ob. ob Geodermatophilus obscuris obscuris ++++ - - - - - ++++
M. veri Modestobacter versicola ++++ ++++ - - +++ - ++++
ATCC-BAA-817 Balinemonas flocculans ++++ - - - - - -
KACC-12744 Microvirga aerilata ++++ + - - - - -
M. guang Microvirga guangxiensis ++++ + - - - - -
M. aerophila Microvirga aerophila ++++ - - - - - -
10-39Q-44 Microvirga  sp. ++++ ++++ - - - - -
KR-477 Microvirga  sp. ++++ + - - - - -
KR-450 Microvirga  sp. ++++ ++++ - - + - ++++
KR-393 Microvirga  sp. ++++ ++++ - - + - ++++
M. subterranea Microvirga subterranea ++++ ++++ - - - - +
AT03-41-2 Frankia sp. ++++ ++++ - - - - ++++
AT03-38-1 Frankia sp. ++++ ++++ + - ++++ ++ ++++
KR-515 α-proteobacterium ++++ - - - - - +
NG05-4-23 Microvirga  sp. ++++ - - - - - -
AT04-159-59 Mycobacterium celatum ++++ +++ - - - - -
AT04-166-1 Kocuria sp. ++++ ++++ ++++ + ++++ - ++++
AT03-40-39 Ornithinicoccus hortensis ++++ ++++ +++ - - - -
AT04-159-4 Hymenobacter sp. ++++ - - - - - -
KR-91 Microvirga  sp. ++++ - - - - - -
NG05-R6A-48 Microvirga  sp. ++++ ++++ - - - - -
NG05-4D6A-29 Microvirga  sp. ++++ ++++ +++ - ++++ + ++++
KR-28 Microvirga  sp. ++++ - - - - - -
33-40Q-130 Microvirga  sp. ++++ - - - - - -
Strain Designation Species Name R2A + 3% Agar 0.5 M NaCl 1.0 M NaCl 2.0 M NaCl 0.5 M KNO3 1.0 M KNO3 1.0 M MgSO4
DSM 15974T Deinococcus saxicola ++ - - - - - -
DSM 12027T Deinococcus radiopugnans ++++ ++++ - - +++ - ++++
DSM 20539T Deinococcus radiodurans ++++ ++++ - - + - ++++
DSM 3963T Deinococcus grandis ++++ - - - - - +
DSM 17005T Deinococcus yunweiensis ++++ - - - - - -
KCTC-12553T Deinococcus caenii ++++ - - - - - -
KCTC-12552T Deinococcus aquaticus ++++ - - - - - ++++
LMG 22133T Deinococcus hopiensis ++++ - - - - - -
LB-34T Deinococcus maricopensis ++++ - - - - - -
CCUG 51391T Deinococcus ficus ++++ + - - - - +++
DSM 15307T Deinococcus indicus ++++ ++ - - - - ++++
NG-371 Deinococcus sp. ++++ - - - - - -
KR-35 Deinococcus apachensis ++ - - - - - -
KR-40T Deinococcus hohokamensis ++++ + - - - - -
KR-200T Deinococcus peraridilitoris ++++ - - - - - -
KR-235T Deinococcus pimensis ++ - - - - - -
DSM 17424T Deinococcus mumbaiensis ++++ - - - - - +
DSM 11300T Deinococcus geothermalis ++++ - - - - - -
PO-04-20-132T Deinococcus radiomollis ++++ - - - - - -
   
  
Table 2.6. Growth of other arid soil strains in the presence of NaCl, KNO3, and MgSO4 
Table 2.7. Growth of Deinococcus strains in the presence of NaCl, KNO3, and MgSO4 
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Correlation between bacterial growth and perchlorate concentration of Atacama soils 
 Perchlorate concentrations were determined for a number of Atacama soil samples 
from which many of the isolates tested in this study originated (Table 2.8). A possible 
correlation was observed between the perchlorate concentration at specific sites in the 
Atacama Desert and the organisms isolated from those sites. The perchlorate concentration at 
AT04-166 was measured at 0.27 µg/g, and at AT04-153 the perchlorate concentration was 
measured at 0.1 µg/g. Comparison of growth data for Blastococcus strains isolated from both 
sites reveals that whereas 100% of strains from AT04-166 survived at 400 mM Na-perchlorate, 
only 50% of the strains from AT04-153 survived that concentration. Looking at Mg-perchlorate 
results, 60% of Blastococcus strains. from AT04-166 survived up to 200 mM Mg-perchlorate, 
and there were no survivors from site AT04-153 at 200 mM Mg-perchlorate. However, growth 
data for Ca-perchlorate did not show any correlating results as concentrations greater than 100 
mM were lethal to all Blastococcus strains, and concentrations below 100 mM allowed for 
similar, incomparable growth of isolates from different areas. It is interesting to note, however, 
that Blastococcus isolate AT03-34-7 grew at Na-perchlorate concentrations exceeding 800 mM 
and was isolated from site AT03-34, at which the perchlorate concentration was recorded at 
0.42 µg/g, double that of soil from site AT04-166. Another strain growing at > 800 mM Na-
perchlorate, Kocuria strain. designated AT04-166-1, was isolated from AT04-166 containing 
0.27 µg/g perchlorate. Although these results point towards some correlation between soil 
perchlorate concentration and perchlorate resistance of organisms from that soil, more data is 
needed in order for definitive conclusions to be made. Bacterial resistance to and growth in the 
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Chloride Sulfate Nitrate Perchlorate
site mg/g soil mg/g soil mg/g soil ug/g soil
AT03-34 0.20 7.27 0.19 0.42
AT03-37 0.15 7.21 0.21 0.31
AT03-41 0.13 6.95 0.14 0.20
AT03-44 <LOD1 7.28 0.18 0.37
AT03-45 <LOD 7.18 0.08 0.20
AT03-49 0.17 7.50 0.13 0.29
AT04-152 0.18 8.12 0.16 0.36
AT04-153 0.12 2.07 0.06 0.10
AT04-161 0.15 7.38 0.15 0.24
AT04-166 0.11 7.06 0.08 0.27
presence of high concentrations of perchlorates has not previously been studied, and it is 
possible that the mechanism is a complex one.  
Considering that Atacama Desert isolates grew at overall higher concentrations of 
perchlorate than bacteria from other sources and taxonomic groups further supports the 
probable relationship between perchlorate tolerance and the perchlorate concentration in the 
soil from which strains were originally isolated. It would be reasonable to assume that higher 
perchlorate levels in the environment led to an adaptive perchlorate tolerance in these 
Blastococcus strains as well as the other isolates from the Atacama Desert. Further 
experimentation and collection of more data could solidify these initial observations.  
 
   
 
 
 
 
 
 
 
 
 
 
Table 2.8. Chemical analysis of Atacama soil samples 
showing concentrations of chloride, sulfate, nitrate, and 
perchlorate 
1Level of detection 
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Strain Designation Soil Origin Species Name NaClO4 MgCl2O8 CaCl2O8 MgCl2O8 CaCl2O8
AT03-49-2 Atacama Blastococcus sp. 1000 400 400 (+) 600, (+) 800 (-) 600, (-) 800
33-40Q-101A Oman Microvirga  sp. 1000 200 200 (+) 600, (+) 800 (+) 600, (-) 800
SS05-2-113 Sahara Blastococcus  sp. 400 200 400 (-) 600, (-) 800 (-) 600, (-) 800
MCC-63 Atacama Blastococcus  sp. 400 100 100 (-) 600, (-) 800 (-) 600, (-) 800
Highest concentration at which growth occurred (mM) Survival at higher concentrations (mM)
Bacterial survival at high perchlorate concentrations in liquid media 
 Survival of four isolates that grew at high concentrations of perchlorate in R2A was 
examined by incubating them in liquid R2 broth containing 600 mM and 800 mM Mg- and Ca-
perchlorate (see Table 2.9). It is interesting to note that one of the strains surviving 600 and 800 
mM Mg- and Ca-perchlorate is a Gram-negative bacterium of the genus Microvirga, a group 
that otherwise consistently exhibited limited growth on perchlorate media. It is also worth 
pointing out that the Blastococcus sp. from the Sahara was not capable of survival at 600 or 800 
mM concentrations of either perchlorate, but a Blastococcus strains from the Atacama survived 
both concentrations of Mg-perchlorate. Another interesting observation is that the 
Blastococcus and Microvirga strains surviving 600 and 800 mM Mg-perchlorate did not survive 
similar concentrations of Ca-perchlorate; the Microvirga strain did survive 600 mM Ca-
perchlorate, however. This trend of lower tolerance to Ca-perchlorate is prominent in general 
growth results (refer to Figures 2.1 – 2.3), and is most likely due to lower water activity in Ca-
perchlorate solutions.  
 
 
 
 
Table 2.9. Highest perchlorate concentration tolerated by certain strains and their survival (+ 
or -) in liquid media containing 600 and 800 mM Mg-perchlorate (MgCl2O8) and Ca-perchlorate 
(CaCl2O8) concentrations  
26 
Plating soils on perchlorate-containing media 
 Eight soils from the Atacama Desert, one from the Sahara Desert, and one from a desert 
in Oman were plated on perchlorate-containing 1/10 PCA and 1/100 PCA. After one week 
incubation, plates exhibited a diversity of microorganisms growing at lower perchlorate 
concentrations (200 mM Na- and Mg-perchlorate), and diversity and Cfu/g decreased at higher 
concentrations (400, 600 mM Na-perchlorate and 400 mM Mg-perchlorate). On 1/10 PCA, 
there were no observable colonies at either 200 or 400 mM Mg-perchlorate for any soil, except 
AT05-22. Another sample, AT03-37, yielded no colonies on any media, including the control 
1/10 PCA; it is worth mentioning that this result is consistent with previous data of cfu/g 
calculated for this soil on 1/10 PCA (Bagaley 2006). In most cases, the cfu/g of the control plates 
that did not contain perchlorate was higher than cfu/g on media containing perchlorate. 
Exceptions were noted, however, such as AT03-34 in which the same number of colonies were 
recovered from 1/10 PCA control and 1/10 PCA + 200 mM Na-perchlorate. Other soils like 
AT03-49 (on 1/10 PCA) and AT03-33 (on 1/100 PCA) yielded more colonies on perchlorate-
containing media than the control plates (see Tables 2.10 – 2.11). In general, cfu/g was also 
greater on 1/10 PCA versus 1/100 PCA, except in the case of AT03-33, AT05-22, and 33-40Q 
which all yielded equal or greater cfu/g on 1/100 PCA containing 200 mM Mg-perchlorate than 
1/10 PCA containing 200 mM Mg-perchlorate. 
Data from this study suggest that recovery of organisms from soils with higher 
perchlorate concentrations decreased in comparison with soils containing less perchlorate due 
to the inhibitory effects on growth observed as perchlorate concentration is increased; it is also 
important to note that the perchlorate concentration of the media would be present in 
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Perchlorate Concentration Control
Soil Origin in Soil (ug/g) 1/10 PCA 200 mM 400 mM 200 mM 400 mM 600 mM
AT03-34 Atacama 0.42 1 x 102 0 0 1 x 102 0 0
SS05-2 Sahara 0.32 TMTC 0 0 2.2 x 103 1 x 102 0
AT03-37 Atacama 0.31 0 0 0 0 0 0
AT03-49 Atacama 0.29 1 x 102 0 0 4 x 102 0 0
AT04-166 Atacama 0.27 TMTC 0 0 2 x 103 4.7 x 103 1 x 102
AT04-161 Atacama 0.24 3.8 x 104 0 0 2 x 102 0 0
AT03-41 Atacama 0.20 2 x 102 0 0 0 0 0
AT03-33 Atacama N/A 9.3 x 103 0 0 0 0 0
AT05-22 Atacama N/A TMTC 6 x 102 0 TMTC 5.1 x 104 4 x 102
33-40Q Oman N/A TMTC 0 0 TMTC 1.1 x 103 1 x 102
1/10 PCA + MgCl2O8 1/10 PCA + NaClO4
Perchlorate Concentration Control
Soil Origin in Soil (ug/g) 1/100 PCA 200 mM 400 mM 200 mM 400 mM 600 mM
AT03-34 Atacama 0.42 0 0 0 0 0 0
SS05-2 Sahara 0.32 TMTC 0 0 8 x 103 1.5 x 103 0
AT03-37 Atacama 0.31 0 0 0 0 0 0
AT03-49 Atacama 0.29 0 0 0 0 0 0
AT04-166 Atacama 0.27 0 0 0 0 0 0
AT04-161 Atacama 0.24 2.7 x 103 0 0 0 0 0
AT03-41 Atacama 0.20 0 0 0 0 0 0
AT03-33 Atacama N/A 0 1 x 102 0 0 0 0
AT05-22 Atacama N/A TMTC 6 x 102 0 TMTC 5.4 x 103 2 x 102
33-40Q Oman N/A TMTC 1.3 x 103 0 8.5 x 103 2.6 x 103 0
1/100 PCA + MgCl2O8 1/100 PCA + NaClO4
 
 
addition to whatever perchlorate was contained in the soil. However, considering the 
perchlorate concentration measured for each soil, there was no clear correlation between cfu/g 
from soils with higher perchlorate concentration and those with less perchlorate concentration. 
One possible example may be demonstrated by AT03-34 plated on 1/10 PCA at 200 mM Na-
Table 2.10. Cfu/g of soil when plated on 1/10 PCA containing 200 – 600 mM concentrations of 
Mg-perchlorate (MgCl2O8) and Na-perchlorate (NaClO4). TMTC – too many to count 
Table 2.11. Cfu/g of soil when plated on 1/100 PCA containing 200 – 600 mM concentrations of 
Mg-perchlorate (MgCl2O8) and Na-perchlorate (NaClO4). TMTC – too many to count 
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perchlorate, which had a cfu/g of 1 x 102. This soil contained the highest perchlorate 
concentration, 0.42 ug/g, of all soils plated on perchlorate-containing media. At 200 mM Na-
perchlorate, most of the other soils yielded higher cfu/g than AT03-34. Alternatively, it could be 
hypothesized that if soil containing a higher perchlorate concentration contained a greater 
number of organisms adapted to tolerate these conditions, a difference in cfu’s may not then 
be noticed. Further study and collection of more data could clarify whether soils with higher 
perchlorate concentrations contain a lower cfu/g than soils with lower perchlorate 
concentrations, or if they contain a greater number of perchlorate-tolerating microorganisms.  
Conclusion 
 Ultimately, bacterial growth is inhibited by high concentrations of perchlorate. Bacteria 
from the Atacama Desert, especially members of the Blastococcus genus, grew at higher 
concentrations of perchlorate than organisms from other environments. As the Atacama Desert 
is one of few locations that contain naturally occurring perchlorate, the higher tolerance of 
these isolates is likely attributable to an adaptive tolerance mechanism developed for survival. 
Correlating data for higher perchlorate at isolation site and higher strain resistance is observed 
to some extent, although gathering additional data would further validate these findings. 
Another correlation is seen between bacterial growth at high perchlorate concentrations and 
growth at high concentrations of other salts such as MgSO4, KNO3, and NaCl. It may be that 
bacteria capable of tolerating high concentrations of one salt compound are equipped with 
mechanisms to tolerate others as well. Interestingly, Gram-positive bacteria generally showed 
greater tolerance to perchlorates than Gram-negative bacteria. Further study with a focus on 
the differences between perchlorate tolerance of Gram-positive versus Gram-negative bacteria 
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could clarify whether this cell wall structural characteristic is involved in tolerance to 
perchlorate. It would also be worth investigating whether or not there is a relationship between 
production of extracellular polysaccharide and resistance to inhibition of growth by 
perchlorates. 
 The large difference between the numbers of bacteria capable of surviving the same 
high concentration of NaCl versus NaClO4 indicates that the mechanism for halotolerance and 
perchlorate tolerance may be dissimilar, or that the mechanism for halotolerance is not 
efficient enough to counter the more severe negative effects of perchlorates. Furthermore, the 
larger inhibitory effect observed in bacterial growth in the presence of perchlorates versus 
other salts suggests that chaotropicity and low water activity may play significant roles in 
cellular disruption. Pure water has a water activity value (aw) of 1, and most bacteria are 
inhibited by aw values below 0.9; but examples of haloarchaea have been demonstrated that 
can grow at aw of 0.75 - 0.8 (Brewer 1999; Grant 2004). An example of a natural formation with 
extremely low water activity is Don Juan Pond in Antarctica. Don Juan Pond is a body of water 
saturated with CaCl2 and has a aw calculated at 0.45 (Grant 2004, Siegel 1979). Interestingly, no 
signs of life have currently been determined to exist in Don Juan Pond (Grant 2004, Siegel 
1979). In fact, current data indicates that 0.61 may be the lowest aw at which life, in the form of 
fungi, can proliferate or survive (Berry et al. 2010; Brewer 1999; Grant 2004). It is important to 
point out that NASA scientists have predicted that the water activity of Martian surface soil is 
likely less than 0.1, significantly below the currently determined minimum for microbial growth 
(Beaty et al. 2006; Berry et al. 2010). This prediction further supports the hypothesis that while 
life may not be found in surface soils, that it may be preserved deep within the regolith where 
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water may be more prevalent, or within previously mentioned liquid salt brines. Increased 
research is necessary into the limits of bacterial growth in low water activity environments. 
Based on the results of bacterial growth in the presence of perchlorates, it can be assumed that 
water activity of perchlorate solutions may fall within a range that is lower than other salt 
solutions at equivalent molarities. These results also contribute to further studies involving life 
at low water activity. 
 Specific organisms show survival at extremely high concentrations of Mg- and Ca-
perchlorate in liquid media. Testing a greater number of bacteria for survival in these conditions 
may reveal more information about the types of organisms capable of surviving high 
concentrations of perchlorate. Plating soils on perchlorate-containing media yielded varying 
levels of cfu/g depending on the media (1/10 or 1/100 PCA), perchlorate salt (Mg or Na), and 
perchlorate concentration. Generally, fewer cfu’s were recovered on 1/100 PCA versus 1/10 
PCA. Fewer cfu’s/g were also obtained on Mg-perchlorate containing plates versus Na-
perchlorate containing plates, and cfu/g decreased as perchlorate concentration increased. 
Repeating the experiment with more soils and a wider range of concentrations may reveal 
trends that were not apparent in this study, and what effects the perchlorate concentration in 
the soil has on cfu/g of the soil.  
 Future directions for this work could be to further characterize Atacama strains and 
investigate the mechanism of perchlorate resistance. It would also be interesting to test 
whether there are organisms in Atacama soil that are capable of metabolizing, or reducing, the 
perchlorate as particular bacterial anaerobes are known to do. The Blastococcus isolates in this 
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study could be used as model organisms for studying the mechanisms of perchlorate resistance 
in bacteria. Implications of such study could range from genetic engineering of microbes for use 
in bioremediation, to updating planetary protection measures, or searching for life on Mars.  
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CHAPTER III 
ISOLATION AND CHARACTERIZATION OF IONIZING RADIATION RESISTANT BACTERIA FROM 
PERMAFROST 
 
Introduction 
 Since the early 1900’s, it has been known that viable microorganisms reside in 
permafrost (Isachenko 1912; Omelyansky 1911). However, due to the lack of adequate 
methods and technology for the better part of the century, microbiological analysis of 
permafrost biodiversity was often impossible or considered invalid. It is only recently that 
drilling core samples in permanently frozen regions has been modified to be aseptic and the 
microbial diversity can truly be studied. Studies in Siberian permafrost have shown that 
microbes can remain viable for millions of years, likely preserved in a dormant state at subzero 
temperatures (Gilichinsky et al. 1992). Numerous studies have investigated cell counts which 
can range from 102 – 108 cfu/g, depending on whether it is Antarctic or Siberian permafrost, 
Siberian permafrost having much higher cell counts (Gilichinsky et al. 2007; Vorobyova et al 
1997). Some bacterial residents that have been identified in both Antarctic and Siberian 
permafrost samples include Arthrobacter, Bacillus, and Enterobacteriaceae (Blanco et al. 2012; 
Dobrovolskaya et al. 1996; Gilichinsky et al. 2007, 2008; Mannisto and Haggblom 2006; Nelson 
and Parkinson 1978; Parinkina 1989).  
 Microbial inhabitants of permafrost must overcome various extreme conditions, ranging 
from below-zero temperature to constant bombardment by background radiation. Elements 
such as U, Th, and K emit a constant low-level radiation that amounts to about 0.2 rad/yr (Smith 
and McKay 2005), depending on the sediments present. Although it is not continuously present 
at lethal levels, the total radiation given off over an extended period of time can accumulate to 
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high doses that would be lethal to many microorganisms. Bacteria that have been preserved in 
frozen soil for millions of years could be exposed to hundreds of thousands of rads, and 
therefore must have some level of radiation resistance to remain viable and repair their DNA. It 
has also been discovered that bacteria within frozen soil at temperatures between -20 to -25 °C 
have a much higher resistance to radiation than if they were exposed in a thawed state 
(Gilichinsky et al. 2008), so it may be that the frozen soil itself acts to protect bacteria from the 
effects of radiation. It has also been proposed that the low rate of metabolic activity at low 
temperatures may result in less damage to cellular components by ionizing radiation 
(Gilichinsky et al. 2008). 
 A great deal of interest currently lies in exploring permafrost in the northern arctic 
regions of Mars. Martian permafrost is analogous in many ways to permafrost found on Earth 
(Hoover 2003), and studying the life in permafrost here may provide insights into possible life 
on Mars. One major difference between the permafrost on both planets is that on Mars it is 
said to have been frozen for anywhere from 3 – 4 billion years (Smith and McKay 2005), far 
longer than that which is found on Earth. Considering the radioactivity previously discussed, the 
radiation exposure over this period of time would be extremely high. For this reason, it is 
believed that while living organisms may not be found, the fossils of any past Martian life would 
be well-preserved in such soil. On the other hand, it has previously been suggested and proven 
that DNA damage repair is capable of occurring at below zero temperatures (Amato et al. 2010; 
Carpenter et al. 2000; Gilichinsky et al. 2008; Gilichinsky et al. 1995; Price 2000; Price and 
Sowers 2004; Rivkina et al. 2000, 2004), so it is not wholly implausible that organisms could 
survive if they harbor the capacity to repair damaged DNA at a faster rate than damage is 
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occurring. Continued research in permafrost bacteria here on Earth is necessary, and could 
answer many important questions concerning the origin of life and possible life on Mars. In this 
study, ionizing radiation resistant bacteria belonging to the genus Hymenobacter are isolated 
from permafrost and characterized in order to better understand microbial life in this extreme 
environment.  
 Species of the Hymenobacter genus has been consistently isolated from or detected in 
extreme environments, including glacial ice, arctic soil, and permafrost (Aislabie et al. 2006a, b; 
Costello et al. 2009; Dai et al. 2009; Hirsch et al. 1998; Klassen and Foght 2008; Saul et al. 2005; 
Yergeau et al. 2007; Zhang et al. 2006, 2007, 2008a, 2009). The species of this genus have been 
shown to survive and grow at subzero temperatures, but one species has also been isolated 
from irradiated food (Collins et al. 2000), thereby placing them in the polyextremophile 
category. This is confirmed by other studies in which species of Hymenobacter were isolated 
from various other extreme environments including sterilized clean rooms and aerosols 
(Buczolits et al. 2002, 2006; Osman et al. 2008a; Polymenakou et al. 2008; Venkateswaran et al. 
2003), as well as temperate desert soil (Fredrickson et al. 2008; Rainey et al. 2005). The 
Hymenobacter isolates in this study are unique in that they are capable of tolerating subzero 
temperatures and surviving high doses of gamma radiation. 
 
Materials and Methods 
 
Irradiation, isolation, and cultivation 
 Two samples of permafrost were obtained from the Canadian High Arctic, denoted LH 
Tundra (LH) and Exp Fiord Surface Soil (FSS). One gram aliquots of each soil were placed into 
microcentrifuge tubes, put on ice, and exposed to gamma radiation using a JL Sheppard model 
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484 60Co irradiator. An unirradiated sample from each of the two soils was also used for 
comparison. Four tubes of each sample were placed in the irradiator so that each one may be 
removed after receiving the necessary dosage. Tubes of soil were removed after receiving 
exposures of 1, 2, 3, and 11.1 kGy. The soils were subsequently serially diluted in 0.85% wt/vol 
saline solution. 100 µL aliquots from each dilution were pipetted and spread onto the surface of 
nutrient media including R2 agar (R2A), marine agar (MA), 1/10 concentration plate count agar 
(1/10 PCA), and 1/100 concentration plate count agar (1/100 PCA). Plates were incubated at 4° 
and 15° C for up to 30 days with cfu counts performed at 14 days and 30 days, after which time 
colonies were selected from all plates for isolation and identification. Selected colonies were 
purified and stored in the appropriate medium containing 15% (vol/vol) glycerol at -80° C.  
Bacterial strains and type strains 
 Strains used for taxonomic comparison in this study included Hymenobacter aerophilus 
LMG 19657T, Hymenobacter algoricola LMG 26018T, Hymenobacter antarcticus LMG 26017T, 
Hymenobacter elongatus LMG 26016T, Hymenobacter fastidiosus LMG 26015T, Hymenobacter 
glaciei LMG 26019T, Hymenobacter norwichensis LMG 21876T, Hymenobacter psychrophilus 
LMG 25548T, and Hymenobacter roseosalivarius DSM 21212T. Strains were obtained from LMG, 
Ghent, Belgium and Deutsche Sammlung von Mikroorganismen und Zellkulturen, 
Braunschweig, Germany. All Hymenobacter strains, including reference strains were incubated 
at 10 °C. 
Phylogenetic analysis 
 DNA extraction was performed using the MoBio UltraClean Microbial DNA Isolation Kit; 
procedure was performed according to instructions from the manufacturer. PCR amplification 
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of the 16S rRNA gene was performed according to Rainey et al. (1996).  UltraClean PCR Clean-
Up Kit (MoBio) was used to purify PCR reactions; the procedure was performed according to 
instructions from the manufacturer (MoBio). Sequencing of the purified PCR products were 
performed using primers as described by Rainey et al. (1996). The identities of the 16S rRNA 
gene sequences were analyzed using the BLAST (blastn) facility at the National Center for 
Biotechnology Information website (www.ncbi.nlm.nih.gov/BLAST/) and EzTaxon 
(www.eztaxon.org). In concordance with the results obtained, the sequences were analyzed 
against representative reference sequences of members of the lineage to which they were 
assigned using MEGA 4.0 editor (Tamura et al. 2007). Jukes and Cantor method (Jukes and 
Cantor 1969) was used to calculate evolutionary distances. Phylogenetic dendrograms were 
generated and bootstrap analyses were performed using various algorithms contained in MEGA 
4.0.  
Morphological, biochemical, and physiological characteristics 
 Colony morphologies were determined after growth on R2A incubated at 4° or 15° C. 
Cell morphology was determined using phase-contrast microscopy and differential interference 
contrast microscopy. Cells were suspended in 0.85% saline and 10 µL aliquots were placed onto 
glass slides and covered with a coverslip, after which time photomicrographs were taken. The 
temperature range for growth of the strains was determined by plating the strains on R2 agar 
and incubating them at 4, 10, 15, 25, and 37° C. Halotolerance was examined using R2 agar 
supplemented with NaCl to achieve concentrations of 1, 2, 5, 7, and 10% (w/v). Strains were 
suspended in 0.85% saline and 10 µL aliquots were spotted onto the plates that were then 
incubated at 15° C. A control plate of R2 agar without added NaCl was also incubated 
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simultaneously. Growth at different pH values was tested by adjusting R2 agar with either 
NaOH or HCl to achieve pH values of 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12; the plating procedure was 
performed as described for halotolerance testing. Catalase activity and cytochrome oxidase 
activity were determined according to standard methods (Hurst et al. 2007). 
Irradiation of isolates and desiccation resistance 
 Pure cultures of the strains were exposed to radiation in order to determine radiation 
resistance of the isolates after they were cultured from the environmental sample. Cells were 
taken from the growth media and were transferred to microcentrifuge tubes containing 1 mL of 
0.85% saline. Tubes were then irradiated as described for as the soils, and were exposed to 
doses of 1, 3, 9, and 12 kGy. The strains were re-plated immediately onto R2 agar 
simultaneously with a control of each strain that was not exposed to radiation, and all plates 
were incubated at 15°C for up to 28 days. Growth of irradiated strains was compared to growth 
on the control plates to determine relative growth strength that was signified with one to three 
(+) signs, or scored with (-) for no growth.  
Desiccation resistance was examined by pipetting 10 µL aliquots of a cell suspension 
into microwell tissue culture plates, allowing spots to dry, and placing the plates in a 
desiccation chamber with relative humidity controlled at 5%. CaSO4 (Dri-Rite) was placed in the 
chamber and the whole chamber was incubated at 4° C. Cell material was rehydrated and 
plated onto R2 agar at 7, 14, 28, 42 days and at 3 and 6 months. Plates were incubated at 15° C, 
and survival of cells was determined by growth observed after 14 days. 
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R2A MA 1/10 PCA 1/100 PCA
0 kGy 1.5 x 105 8.1 x 105 8.6 x 103 2.0 x 103
1 kGy 1.27 x 105 3.3 x 105 7.3 x 104 2.0 x 103
2 kGy 1.6 x 103 1.0 x 101 7.5 x 102 2.0 x 101
3 kGy 2.1 x 103 3.0 x 101 1.2 x 103 1.0 x 101
 11.1 kGy 1.8 x 102 0 0 1.0 x 101
LH Tundra (4 °C)
Results and Discussion 
 
CFU/g in permafrost (irradiated and unirradiated)   
For the unirradiated control soils, colonies were observed on all media and at both 
temperatures for dilutions ranging from 10-1 through 10-4 (see Tables 3.1 – 3.4). In general, 
more colonies were present on all media incubated at 15° C versus media incubated at 4° C. A 
greater number of CFU/g was generally observed on R2A and 1/10 PCA than other media, with 
generally fewer colonies growing on MA for both irradiated and unirradiated samples (~102 – 
104 less colonies on MA). Irradiated soil produced significantly less CFU/g than unirradiated soil 
and observable colonies decreased in number as dosage increased. For the LH sample at 4°C on 
R2A, CFU/g dropped from 1.3 x 105 at 1 kGy to 1.8 x 103 for 11.1 kGy.  For the FSS sample with 
the same media and temperature, CFU/g decreased from 4.4 x 103 to 3 x 102 when the dose 
increased from 1 to 11.1 kGy. The CFU/g from the FSS sample was generally much less than 
what was observed from the LH sample under all conditions and radiation exposures.  
 
 
 
 
 
 
 
 
 
 
Table 3.1. Cfu/g calculated for LH Tundra soil plated on R2A, 
MA, 1/10 PCA, and 1/100 PCA at 4°C. Radiation dosage and 
dilution are shown in the left column 
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R2A MA 1/10 PCA 1/100 PCA
0 kGy 1.5 x 105 1.0 x 103 8.9 x 104 9.2 x 104
1 kGy 4.4 x 102 8.0 x 101 3.7 x 102 7.1 x 102
2 kGy 3.0 x 102 1.0 x 101 6.0 x 101 9.0 x 101
3 kGy 3.3 x 102 2.0 x 101 2.1 x 102 0
 11.1 kGy 3.0 x 102 0 0 1.0 x 101
Fiord Surface Soil (4 °C)
R2A MA 1/10 PCA 1/100 PCA
0 kGy 2.3 x 105 3.4 x 105 2.5 x 105 2.0 x 105
 1 kGy 1.3 x 105 4.6 x 104 1.0 x 105 1.5 x 104
2 kGy 2.9 x 104 7 x 102 2.2 x 104 1.81 x 104
 3 kGy 1.6 x 104 0 2.9 x 104 0
11.1 kGy 2.9 x 103 0 2.9 x 103 0
LH Tundra (15 °C)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.2. Cfu/g calculated for FSS soil plated on R2A, MA, 
1/10 PCA, and 1/100 PCA at 4°C. Radiation dosage and 
dilution are shown in the left column 
Table 3.3. Cfu/g calculated for LH Tundra soil plated on R2A, 
MA, 1/10 PCA, and 1/100 PCA at 15° C. Radiation dosage 
and dilution are shown in the left column 
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R2A MA 1/10 PCA 1/100 PCA
0 kGy 1.9 x 105 1.9 x 105 2.2 x 105 TMTC
1 kGy 5.6 x 103 4.0 x 102 2.8 x 103 1.4 x 104
2 kGy 1.0 x 103 2.0 x 103 5.0 x 103 1.0 x 104
3 kGy 5.0 x 102 0 1.2 x 103 1.0 x 102
11.1 kGy 1.0 x 102 0 1.0 x 102 1.0 x 102
Fiord Surface Soil (15 °C)
 
 
 
 
 
 
 
 
 
 
 
 
Isolation and identification of Hymenobacter strains 
Forty-two colonies from radiation exposed soils were selected for isolation and 
identification. Isolates were identified as belonging to a variety of genera including 
Herbaspirillum, Pontibacter, Arthrobacter, Salinibacterium, Paenibacillus, Planococcus, and 
Hymenobacter (see Table 3.5). Sixteen of the strains falling into the radiation of the genus 
Hymenobacter were chosen for further characterization (See Table 3.6). The strains were given 
designations depending on the soil that it came from, LH or FSS. Phylogenetic relationships to 
existing members of the Hymenobacter genus can be seen in Figure 3.1. Analysis of 
phylogenetic data and sequence similarity to existing species suggests that these strains 
represent novel species within this genus. 
 
Table 3.4. Table 7C. Cfu/g calculated for FSS soil  plated on 
R2A, MA, 1/10 PCA, and 1/100 PCA at 15° C. Radiation 
dosage and dilution are shown in the left column. TMTC – 
too many to count 
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Exposure (kGy) Identity of Organisms Isolated
Arthrobacter (10)
Planomicrobium (1)
Streptomyces  (6)
Paenibacillus  (1)
Salinibacterium  (1)
Planococcus  (1)
Hymenobacter  (1)
Arthrobacter (1)
Hymenobacter (1)
Arthrobacter (1)
Pontibacter (2)
Herbaspirillum (1)
Hymenobacter (6)
Paenibacillus (1)
Hymenobacter  (7)
Plantibacter (1)
0
1
2
3
11.1
 
 
 
 
 
 
 
 
 
 
 
 
 
Morphological and phenotypic characterization of Hymenobacter isolates 
Cells are observed as short rods, approximately 2 – 4 um in length (refer to 
photomicrographs in Appendix B). Strains irLH24 and irLH25 show signs of bleb formation, 
though this is not present in any other Hymenobacter strain. Colonies have smooth margins and 
are circular, shiny, and convex with bright red or pink pigmentation. Average colony size at 
optimum temperature is approximately 5.0 mm. Growth occurs between 4° and 25° C but does 
not occur at 37° C. A slight change in pigment was noted with increased incubation 
temperature, with colors shifting from shades of pink and red to salmon or beige at 25° C. 
Growth was not observed in liquid media. Optimum growth temperature is between the 10° to 
15° C range. Colonies were generally gelatinous in consistency or had hardened exteriors, 
clumping together and they do not disperse in liquid. 
Table 3.5. Organisms recovered from soils exposed to 
gamma radiation. The number in parentheses refers to the 
number of strains belonging to that genus that were 
isolated from each exposure. Strains were isolated from 
various media incubated at either 4° or 15° C 
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Figure 3.1. 16S rRNA gene sequence based phylogeny showing the relationship of 
permafrost isolates to previously isolated and described Hymenobacter species. 
Scale bar represents 1 inferred nucleotide substitution per 100 nucleotides. 
Strains in green represent isolates from permafrost from Canadian Arctic (this 
study) and Tibet; dark blue are from glacial ice and snow in Pico de Orizaba; light 
blue are from basal ice in Victoria Upper Glacier; red are from arid soils from the 
Atacama, Oman, and Sonoran; orange are from air samples. 
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Halosensitivity was exhibited by all strains as growth was only noted at concentrations < 
0.5% NaCl. Two strains, that were close relatives of Pontibacter spp., were capable of surviving 
≤ 1% NaCl. These results are consistent with those observed for other Hymenobacter species 
previously described (Klassen and Foght 2011). This lack of halotolerance may also be extended 
to the general microbial community of the permafrost samples as cfu/g prior to irradiation was 
lower on marine agar than any other media - Difco Marine Agar contains about 2% NaCl by 
volume. The pH range permitting growth was in the range of 6 – 11 with > 50% of strains 
growing at pH 11. All strains grew optimally at pH values between 7 and 8. There were many 
strains exhibiting identical growth levels for a range of pH values, i.e. 7 – 11, 6 – 11, or 6 – 8. 
The optimum pH range for growth differed slightly for specific strains.  
Irradiation of Hymenobacter pure cultures and desiccation tolerance 
 After exposure to radiation while in pure culture, all strains demonstrated growth up to 
3 kGy with one strain surviving 12 kGy exposure (see Table 3.7). This is in support of the idea 
that the soil matrix provides some level of shielding to microbial cells since initially, at least 50% 
of Hymenobacter were isolated from samples exposed to 11.1 kGy; this observation is 
supported by previously published data (Osman et al. 2008b). It is important to point out that 
all irradiation in this study was done at 4° C on ice, and samples were not in a frozen state. It 
has been observed by Gilichinksy et al. (2008) that bacteria frozen in soil can withstand far 
greater doses of radiation than if they were exposed in a thawed state. Therefore, these 
bacteria that already survive 3 kGy while suspended in liquid may actually be capable of 
surviving greater doses of radiation when in their natural habitat, frozen in permafrost. It is 
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Strain Designation 1 3 9 12
BV-irFSS27 (+++) (+++) (-) (-)
BV-irFSS21 (+++) (+++) (++) (++)
BV-irFSS25 (+++) (+++) (-) (-)
BV-irFSS35 (+++) (+++) (-) (-)
BV-irFSS32 (+++) (++) (-) (-)
BV-irFSS30 (+++) (+++) (-) (-)
BV-irFSS31 (+++) (++) (-) (-)
BV-irFSS33 (+++) (+++) (-) (-)
BV-irFSS37 (+++) (+++) (-) (-)
BV-irFSS38 (+++) (+++) (-) (-)
BV-irFSS36 (+++) (+++) (-) (-)
BV-irLH34 (+++) (+++) (-) (-)
BV-irLH36 (+++) (+++) (-) (-)
Radiation Dosage (kGy)
possible that these strains represent bacteria capable of surviving for millions of years in the 
presence of background radiation.  
 
 
 
 
 
 
 
 
 
 
 
A high level of desiccation resistance was also demonstrated by many of the strains. The 
majority survived 7 days of desiccation, 50% survived up to 14 days, and 25% of strains 
continued to show signs of viability after 3 months in the desiccator. Individual results for 
growth are sporadic and inconsistent; for example, no viable cells were observed for some 
strains at 14 days but strong growth was observed again at 42 days. This is likely a procedural 
problem involving the inability to collect all viable cells from the microwell plate. Regardless of 
previous results for each strain, positive growth data at any time during desiccation was 
considered survival of that strain up to that point. Osmotic desiccation of cells is said to occur at 
subzero temperatures as the lower vapor pressure of surrounding ice forces water out of cells 
Table 3.7. Growth of Hymenobacter isolates after 
exposure to doses of 1, 3, 9, and 12 kGy gamma radiation 
while in pure culture 
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(Gilichinsky et al. 2008), so it is likely that the observed desiccation resistance is attributable to 
environmental adaptation. The exhibited radiation resistance may also be a product of 
desiccation resistance, a relationship proposed by Mattimore and Battista (1996), and 
demonstrated at the ecological level by Rainey et al. (2005). 
Comparison of strains to existing Hymenobacter species 
 Hymenobacter strains isolated from permafrost in this study were compared with 
existing members of the genus. Phenotypic characteristics of previously described species were 
obtained from the respective publications. Overall phenotypic characteristics of the proposed 
novel isolates fall within range of characteristics previously described for Hymenobacter 
species. It is interesting to note that four strains with comparatively limited pH ranges for 
growth (BV-irFSS33, BV-irFSS36, BV-irFSS37, and BV-irFSS38) are closely related to H. perfusus, 
H. flocculans, and H. metalli (Figure 3.1), which also display very similar limited range of growth, 
suggesting this trend has a phylogenetic basis. These organisms grow at pH values of 6 – 8 or 6 
– 9 as opposed to 5 – 11 or 6 – 11 as exhibited by many of the other strains. This indicates that 
these organisms were isolated from sites where the pH may remain relatively constant. 
Organisms with a wider range of growth at different pH values may have been inhabiting sites 
with high fluctuation in pH. Table 3.8 shows phenotypic characteristics of permafrost isolates 
from this study and those of previously described Hymenobacter species. It is expected that 
completion of metabolic profiling, fatty acid analysis, and determination of major lipids and 
menaquinones will provide data supporting the description of these strains as novel species in 
the genus Hymenobacter. 
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Hymenobacter 
strain 
Gram  
Type 
Catalase 
 Test 
Oxidase  
Test 
Growth 
Temperature 
(°C) 
Relative  
Growth 
Rate 
Max % 
NaCl 
Growth  
pH 
range Tolerated 
H. 
roseosalivariusa - + + 10, 18(w) slow < 0.5 6 - 12 
H. actinosclerusb - + + 4 - 28 fast 2 5 - 12 
H. aerophilusc - + + 4 - 28 fast 2 5 -12 
H. riguid - - + 4 - 28 fast 1 5 - 12 
H. norwichensise - + + 4 - 28 fast 1 5 - 12 
H. chitinovoranse - + + 4 - 28 fast 1(w) 5 - 12 
H. 
gelipurpurascense - + + 4 - 28 fast 1 5 - 12 
H. ocellatuse - + + 10 - 28 fast 1 5 - 12 
H. xinjiangensisf - + + 4 - 28 fast 1 5 - 11 
H. 
psychrotoleransg - + + 4 - 28 fast 1(w) 5 - 11 
H. solih - + + 4 - 28 fast 0.5 5 - 11 
H. desertii - + + 4 - 40 nd < 2 5 - 11 
H. 
daecheongensisj - + + 4 - 30 fast < 1 5 - 10 
H. psychrophilusk - + + 1 - 20 nd 1 nd 
H. yonginensisl - + + 10 -30 nd 3 7 - 8 
H. perfususm - + - 4 - 30 nd nd 6 - 9 
H. flocculansm - + - 4 - 30 nd nd 6 - 9 
H. metallim - + - 4 - 30 nd nd 6 - 9 
H. algoricolan - - + 4 - 18 slow < 0.5 6 - 11 
H. antarcticusn - - + 4 - 18 slow < 0.5 6 - 11 
H. fastidiosusn - - + 4 - 18 slow < 0.5 7 - 10 
H. elongatusn - - + 4 - 18 slow < 0.5 6 - 11 
H. glacein - + + 4 - 28 slow < 0.5 5 - 11 
BV-irLH34 - + - 4 - 28 slow < 0.5 7 - 11 
BV-irLH35 - + + 4 - 28 slow 1(w) 7 - 11 
BV-irLH36 - + - 4 - 28 slow < 1 6 - 11 
BV-irFSS21 - + + 4 - 28 slow < 1 6 - 11 
        
        
Table 3.8. Phenotypic data of Hymenobacter and related BV-irLH and BV-irFSS strains.         
Nd – not determined; w – weak growth 
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(Table 3.8 
cont’d)        
Hymenobacter 
strain 
Gram  
Type 
Catalase 
 Test 
Oxidase  
Test 
Growth 
Temperature 
(°C) 
Relative  
Growth 
Rate 
Max % 
NaCl 
Growth  
pH 
range Tolerated 
BV-irFSS25 - + - 4 - 28 slow < 1 5 - 11 
BV-irFSS27 - + - 4 - 28 slow < 1 6 - 11 
BV-irFSS30 - + (w) - 4 - 28 slow 1(w) 6 - 8 
BV-irFSS31 - + - 4 - 28 slow < 1 6 - 11 
BV-irFSS32 - + - 4 - 28 slow < 1 6 - 9 
BV-irFSS33 - + - 4 - 28 slow < 1 6 - 9 
BV-irFSS35 - + - 4 - 28 slow 1(w) 6 - 9 
BV-irFSS36 - + - 4 - 28 slow < 1 6 - 8 
BV-irFSS37 - + - 4 - 28 slow 1(w) 6 - 9 
BV-irFSS38 - + - 4 - 28 slow < 1 6 - 8 
 
Phenotypic data of previously described Hymenobacter species was obtained from the following: 
a 
Hirsch et al. 1999 
b 
Collins et al. 2000 
c 
Buczolits et al. 2002 
d 
Baik et al. 2006 
e 
Buczolits et al. 2006 
f 
Zhang et al. 2007 
g 
Zhang et al. 2008 
h 
Kim et al. 2008 
I 
Zhang et al. 2009 
j 
Xu et al. 2009 
k 
Zhang et al. 2011 
l 
Joung et al. 2011 
m 
Chung et al. 2011 
n 
Klassen and Foght 2011 
 
 
Conclusion 
 
 Selective isolation of bacteria from permafrost exposed to gamma radiation yielded 
highly radiation resistant, psychrotolerant members of the genus Hymenobacter. Phylogenetic 
analysis using the 16S rRNA gene sequence, as well as phenotypic comparison with existing 
members of this genus, suggests that these organisms represent novel species level taxa within 
this genus. The most noted characteristic of these strains is their desiccation and radiation 
resistance, two important characteristics to consider when contemplating life in Martian 
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permafrost. Data obtained from Martian meteorites indicate that the background radioactivity 
of Martian soil may be similar to what has been measured in Siberian permafrost (Smith and 
McKay 2005, Stoker et al. 2003); and since life has been identified and cultured within 
permafrost on this planet, this can be extended to the search for life on Mars. Although the 
permafrost on Mars, being billions of years old, would have emitted enough radiation for 
complete sterilization of all life forms presently known to science, past life would have endured 
it for perhaps millions of years as it did here on Earth. There are also the organisms currently 
being studied with extremely efficient DNA repair mechanisms that can counteract DNA 
damage by radiation at low temperatures. A recent study demonstrates macromolecular 
synthesis in Psychrobacter cryhohalolentis and Psychrobacter arcticus occurred at sufficient 
levels at -15° C to counteract DNA damage from ionizing radiation (Amato et al. 2010). Thus, 
these Hymenobacter represent analogs of hypothetical Martian life, and could provide insight 
into the DNA-repair mechanisms necessary for survival under Martian conditions 
 Further research in this area could study the specific mechanism of radiation resistance 
or DNA damage repair that is occurring in these strains. Further analysis of the microbial 
biodiversity of permafrost could also be carried out to gain better understanding as to what 
role these Hymenobacter play in the overall microbial community, since they are clearly 
prominent enough to be found in permafrost from multiple locations, as well as other distinct 
extreme environments. If in fact these microbes have been preserved for millions of years in 
permafrost, it would be yet another supporting factor in the theory for life in Martian 
permafrost. 
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CHAPTER IV 
CONCLUSION 
 
  The focus of this study was to examine the characteristics of bacteria from extreme 
environments and observe their growth response under certain Mars-like conditions. Bacterial 
growth in the presence of perchlorate salts was pushed to extreme levels, with some strains of 
the genus Blastococcus isolated from the Atacama Desert tolerating perchlorate concentrations 
in excess of 1 M Na-perchlorate and 400 mM Ca- and Mg-perchlorate. The overall greater 
tolerance of Atacama isolates demands the increased study of microbes from this location to 
achieve better understanding of interactions between perchlorate salts and bacteria. This 
perchlorate experiment adds to existing literature concerning the effects of other salts like 
MgSO4 on bacterial growth, and as such, interesting relationships have been identified between 
tolerances of various salts. The concept of water activity and chaotropicity have both been 
mentioned in relation to the inhibition of bacterial growth in concentrated salt solutions, but 
the literature concerning these effects is vague and limited (Crisler et al. 2012; Hallsworth et al. 
2007; Grant 2004). Studies involving water activity are primarily focused on food preservation, 
as water activity is a determinant of estimating shelf life of foods (Katz 1981; Labuza 1980; Roos 
YH 1993; Slade 1991). Therefore, water activity in relation to high salt environments and 
bacterial habitability is in dire need of increased study.  
 Permafrost, an environment characterized by extremes in temperature and exposure to 
large doses of radiation over time, is habitat to a broad range of microorganisms. Using high 
doses of gamma radiation, a segment of that biodiversity was isolated and identified using 
culture-based techniques. Bacteria belonging to the genus Hymenobacter were prominent 
among isolates from all radiation exposures, many being identified in samples exposed to 11.1 
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kGy. After re-exposure to gamma radiation in pure culture, the strains survived a 3 kGy dose, 
and one survived up to 12 kGy. This radiation resistance may be useful for surviving in 
permafrost for thousands of years while exposed to constant background radiation. These 
Hymenobacter display characteristics that would be expected of life in Martian permafrost, and 
may be further studied to gain insight into radiation damage repair at low temperatures.  
 Rapid advances in technology are constantly improving the efficiency and rate at which 
data is gathered from Mars. Although the landing of space crafts on Mars has been happening 
since the 1970’s, the most successful missions have only occurred in the past 10 years. The 
latest rover, Curiosity, is scheduled to land in August 2012 and is equipped with an on-board 
laboratory with the primary objective of searching for evidence of organic material in rocks and 
soil that could potentially be of biological origin (http://msl-scicorner.jpl.nasa.gov/ScienceGoals/). 
Finding such evidence will be a world-changing discovery with implications ranging across all 
fields of study, from philosophy to biology. The place to begin the study of life, however, is here 
on Earth where it is known to exist. Research, like what has been conveyed here, is invaluable 
in understanding the origin and dynamics of life in different environments. This work can then 
be applied in the search for life on other planets. With continued research in the field of 
astrobiology along with the aforementioned advances in aerospace technology, a scientific 
breakthrough is imminent.  If there is life on Mars, we will find it.  
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APPENDIX A 
STRAINS USED IN PERHCLORATE TESTING 
 
Table of Blastococcus Strains – All Blastococcus strains were incubated at 28 °C. 
Strain 
Designation 
Species 
Designation 
Isolation 
Media 
Sample 
Site Location GPS Coordinates 
          West South 
AT04-159-25 Blastococcus sp. 1/10 PCA 
AT04-
159 
Atacama 
Desert NA NA 
AT04-159-34 Blastococcus sp. 1/10 PCA 
AT04-
159 
Atacama 
Desert NA NA 
AT04-159-37 Blastococcus sp. 1/10 PCA 
AT04-
159 
Atacama 
Desert NA NA 
AT04-159-106 Blastococcus sp. NA 
AT04-
159 
Atacama 
Desert NA NA 
AT04-159-113 Blastococcus sp. NA 
AT04-
159 
Atacama 
Desert NA NA 
AT03-33-18 Blastococcus sp. 1/100 PCA AT03-33 
Atacama 
Desert 
69° W 
51.840' 
24° S 
4.112′ 
AT03-33-24 Blastococcus sp. MA AT03-33 
Atacama 
Desert 
69° W 
51.840' 
24° S 
4.112′ 
AT03-33-58 Blastococcus sp. NA AT03-33 
Atacama 
Desert 
69° W 
51.840' 
24° S 
4.112′ 
AT03-34-7 Blastococcus sp. MA AT03-34 
Atacama 
Desert 
69° W 
51.806' 
24° S 
4.103′ 
AT03-34-9 Blastococcus sp. MA AT03-34 
Atacama 
Desert 
69° W 
51.806' 
24° S 
4.103′ 
AT03-36-18 Blastococcus sp. MA AT03-36 
Atacama 
Desert 
69° W 
51.854' 
24° S 
3.836′ 
AT03-37-6 Blastococcus sp. MA AT03-37 
Atacama 
Desert 
69° W 
51.891' 
24° S 
3.734′ 
AT03-37-10 Blastococcus sp. NA AT03-37 
Atacama 
Desert 
69° W 
51.891' 
24° S 
3.734′ 
AT03-40-15 Blastococcus sp. PCA AT03-40 
Atacama 
Desert 
69° W 
52.451' 
24° S 
3.637′ 
AT03-40-35 Blastococcus sp. 1/10 PCA AT03-40 
Atacama 
Desert 
69° W 
52.451' 
24° S 
3.637′ 
AT03-41-4 Blastococcus sp. 1/100 PCA AT03-41 
Atacama 
Desert 
69° W 
53.091' 
24° S 
3.666′ 
AT03-43-14 Blastococcus sp. NA AT03-43 
Atacama 
Desert 
69° W 
54.637' 
24° S 
3.445′ 
AT03-49-2 Blastococcus sp. 1/100 PCA AT03-49 
Atacama 
Desert 
69° W 
52.632' 
24° S 
4.545′ 
AT04-151-2 Blastococcus sp. MA 
AT04-
151 
Atacama 
Desert 
69° W 
51.858' 
24° S 
3.720′ 
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Strain 
Designation 
Species 
Designation 
Isolation 
Media 
Sample 
Site Location GPS Coordinates 
          West South 
AT04-153-2 Blastococcus sp. NA 
AT04-
153 
Atacama 
Desert 
69° W 
51.423′ 
24° S 
3.585′ 
AT04-153-4 Blastococcus sp. NA 
AT04-
153 
Atacama 
Desert 
69° W 
51.423′ 
24° S 
3.585′ 
AT04-153-15 Blastococcus sp. 1/10 PCA 
AT04-
153 
Atacama 
Desert 
69° W 
51.423′ 
24° S 
3.585′ 
AT04-153-24 Blastococcus sp. MA 
AT04-
153 
Atacama 
Desert 
69° W 
51.423′ 
24° S 
3.585′ 
AT04-153-4 Blastococcus sp. NA 
AT04-
153 
Atacama 
Desert 
69° W 
51.423′ 
24° S 
3.585′ 
AT04-161-28 Blastococcus sp. MA 
AT04-
161 
Atacama 
Desert 
69° W 
54.065' 
24° S 
4.440′ 
AT04-161-23 Blastococcus sp. MA 
AT04-
161 
Atacama 
Desert 
69° W 
54.065' 
24° S 
4.440′ 
AT04-161-100 Blastococcus sp. 1/10 PCA 
AT04-
161 
Atacama 
Desert 
69° W 
54.065' 
24° S 
4.440′ 
AT04-161-96 Blastococcus sp. 1/10 PCA 
AT04-
161 
Atacama 
Desert 
69° W 
54.065' 
24° S 
4.440′ 
AT04-164-3 Blastococcus sp. MA 
AT04-
164 
Atacama 
Desert 
69° W 
52.560' 
24° S 
3.660′ 
AT04-164-23 Blastococcus sp. MA 
AT04-
164 
Atacama 
Desert 
69° W 
52.560' 
24° S 
3.660′ 
AT04-164-27 Blastococcus sp. MA 
AT04-
164 
Atacama 
Desert 
69° W 
52.560' 
24° S 
3.660′ 
AT04-165-12 Blastococcus sp. MA 
AT04-
165 
Atacama 
Desert 
69° W 
52.680' 
24° S 
4.140′ 
AT04-165-16 Blastococcus sp. 1/10 PCA 
AT04-
165 
Atacama 
Desert 
69° W 
52.680' 
24° S 
4.140′ 
AT04-165-27 Blastococcus sp. MA 
AT04-
165 
Atacama 
Desert 
69° W 
52.680' 
24° S 
4.140′ 
AT04-166-23 Blastococcus sp. MA 
AT04-
166 
Atacama 
Desert 
69° W 
52.260' 
24° S 
4.200′ 
AT04-166-25 Blastococcus sp. MA 
AT04-
166 
Atacama 
Desert 
69° W 
52.260' 
24° S 
4.200′ 
AT04-166-64 Blastococcus sp. 1/10 PCA 
AT04-
166 
Atacama 
Desert 
69° W 
52.260' 
24° S 
4.200′ 
AT04-166-109 Blastococcus sp. MA 
AT04-
166 
Atacama 
Desert 
69° W 
52.260' 
24° S 
4.200′ 
AT04-166-169 Blastococcus sp. 1/10 PCA 
AT04-
166 
Atacama 
Desert 
69° W 
52.260' 
24° S 
4.200′ 
AT04-166-159 Blastococcus sp. NA 
AT04-
166 
Atacama 
Desert 
69° W 
52.260' 
24° S 
4.200′ 
SS05-2-14 Blastococcus sp. 1/10 PCA  SS05-2 Sahara Desert NA NA 
(Table of Blastococcus Strains cont’d) 
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Strain 
Designation 
Species 
Designation 
Isolation 
Media 
Sample 
Site Location GPS Coordinates 
          West South 
SS05-2-113 Blastococcus sp. 1/10 PCA SS05-2 Sahara Desert NA NA 
MCC-59 Blastococcus sp. 
R2A 
AT01-19 
Atacama 
Desert NA NA 
MCC-63 Blastococcus sp. 
R2A 
AT01-19 
Atacama 
Desert NA NA 
KR-187 Blastococcus sp. 
RM  AT97-3B 
Atacama 
Desert NA NA 
KR-206 Blastococcus sp. 
PCA  AT97-3B 
Atacama 
Desert NA NA 
KR-207 Blastococcus sp. 
PCA  AT97-3B 
Atacama 
Desert NA NA 
KR-209 Blastococcus sp. 
PCA  AT97-3B 
Atacama 
Desert NA NA 
KR-214 Blastococcus sp. 
NA  AT97-3B 
Atacama 
Desert NA NA 
B. jeju 
Blastococcus 
jejuensis SC-SW agar NA 
Beach - Jeju, 
Korea NA NA 
B. ag 
Blastococcus 
aggregatus 
Bunt & 
Rovira NA 
Mediterranean 
Basin NA NA 
B. sax 
Blastococcus 
saxobsidens 
Bunt & 
Rovira NA 
Mediterranean 
Basin NA NA 
 
 
 
 
 
 
 
 
 
 
 
(Table of Blastococcus Strains) 
cont’d 
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Table of Atacama Isolates – All Atacama isolates were incubated at 28 °C 
Strain 
Designation Species Name 
Isolation 
Media 
Sample 
Site Location GPS Coordinates 
          West South 
AT04-159-
22  Modestobacter sp. 1/10 PCA 
AT04-
159 Atacama Desert NA NA 
AT03-40-39 
Ornithinicoccus 
hortensis 
1/100 
PCA 
AT03-
40 Atacama Desert 
69° W 
52.451' 
24° S 
3.637′ 
G. ob. ob 
Geodermatophilus 
obscuris obscuris BHI Agar  NA Soils - US NA NA 
M. veri 
Modestobacter  
versicolor BG11-PGY NA Colorado Plateau NA NA 
ATCC-BAA-
817 
Balneimonas 
flocculans NA NA Japan – hot spring NA NA 
KACC-
12744 Microvirga aerilata NA NA Air Sample, China NA NA 
M. guang 
Microvirga 
guangxiensis GYM agar NA 
Guangxi Province, 
China NA NA 
M. 
aerophila Microvirga aerophila NA NA Air Sample, China NA NA 
10-39Q-44 Microvirga sp. 1/10 PCA 10-39Q Oman, UAE NA NA 
KR-477 Microvirga sp. RM  N97-2D Mojave Desert, US NA NA 
KR-450 Microvirga sp. RM N97-2C Mojave Desert, US NA NA 
KR-393 Microvirga sp. NA  N97-2C Mojave Desert, US NA NA 
M. 
subterranea 
Microvirga 
subterranea YE NA 
Great Artesian 
Basin, Australia NA NA 
AT03-41-2 
Frankia sp. Strain 
AVN17S PCA 
AT03-
41 Atacama Desert 
69° W 
53.091' 
24° S 
3.666′ 
AT03-38-1 Frankia sp. PCA 
AT03-
38 Atacama Desert 
69° W 
52.088′ 
24° S 
3.645′ 
KR-515 α-proteobacterium 1/10 PCA N97-2H Mojave Desert, US NA NA 
NG05-4-23 Microvirga sp. NA NG05-4 Negev, Israel NA NA 
AT04-159-
59 
Mycobacterium 
celatum 1/10 PCA 
AT04-
159 Atacama Desert NA NA 
AT04-166-1 Kocuria sp. MA 
AT04-
166 Atacama Desert 
69° W 
52.260' 
24° S 
4.200′ 
AT04-159-4 Hymenobacter sp. 1/10 PCA 
AT04-
159 Atacama Desert NA NA 
33-40Q-
101A Microvirga sp. NA 33-40Q Oman, UAE NA NA 
NG05-R6A-
48 Microvirga sp. NA 
NG05-
R6A Negev, Israel NA NA 
NG05-
4D6A-29 Microvirga sp. NA 
NG05-
4D6A Negev, Israel NA NA 
65 
Strain 
Designation Species Name 
Isolation 
Media 
Sample 
Site Location GPS Coordinates 
     West South 
KR-56 Geodermatophilus sp. RM S97-3J Sonoran Desert NA NA 
KR-28 Microvirga sp. RM  S97-3F Sonoran Desert NA NA 
33-40Q-75 Microvirga sp. 1/10 PCA  33-40Q Oman, UAE NA NA 
33-40Q-130 Microvirga sp. 1/10 PCA  33-40Q Oman, UAE NA NA 
AT03-33-7 Brevibacillus PCA 
AT03-
33 Atacama Desert NA NA 
AT04-162-
12 Micrococcus luteus PCA 
AT04-
162 Atacama Desert 
69° W 
53.465' 
24° S 
4.200′ 
AT03-34-3 Williamsia muralis PCA 
AT03-
34 Atacama Desert 
69° W 
51.806' 
24° S 
4.103′ 
AT03-33-2 
Modestobacter 
multiseptatus 1/10 PCA 
AT03-
33 Atacama Desert 
69° W 
51.840' 
24° S 
4.112′ 
AT03-33-23 
Promicromonospora 
enterophila MA 
AT03-
33 Atacama Desert 
69° W 
51.840' 
24° S 
4.112′ 
AT04-166-
15 Kocuria erythromyxa MA 
AT04-
166 Atacama Desert 
69° W 
52.260' 
24° S 
4.200′ 
AT04-161-
18 Cellulomonas cartae MA 
AT04-
161 Atacama Desert 
69° W 
54.065' 
24° S 
4.440′ 
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   Table of Control Strains 
Strain 
Designation Species Name 
Incubation Temp 
°C Isolate Origin 
DSM 14746T Sphingomonas aerolata 25 airborne dust 
DSM 10604T Pseudomonas syringae 25 lilac plant 
DSM 15428T Paenisporosarcina macmurdoensis 25 landfill site 
DSM 21396T Deinococcus gobiensis 28 Gobi Desert soil 
DSM 14418T Georgenia muralis 28 medieval wall painting 
DSM 21230T Deinococcus aetherius 28 stratosphere 
DSM 10T Bacillus subtilis 28 desert soil 
DSM 30147T Rhizobium radiobacter 28 rhizosphere 
DSM 40313T Streptomyces albus 28 soil 
DSM 21212T Deinococcus aerius 28 high atmosphere 
DSM 21991T Sporosarcina antarctica 10 Antarctic soil 
 
 
 
 
Strain Designation Species Name Incubation Temp °C Isolate Origin 
DSM 11300T Deinococcus geothermalis 37 Hot springs 
DSM 17424T Deinococcus mumbaiensis 37 TGYE Agar 
DSM 20539T Deinococcus radiodurans 28 Irradiated meat 
CCUG 51391T Deinococcus ficus 28 rhizosphere 
LB-34T Deinococcus maricopensis 28 Sonoran Desert 
DSM 17005T Deinococcus yunweiensis 28 YE-ME agar 
DSM 3963T Deinococcus grandis 28 elephant feces 
KCTC-12553T Deinococcus caenii 28 activated sludge 
KCTC-12552T Deinococcus aquaticus 28 fresh water 
LMG 22133T Deinococcus hopiensis 28 Sonoran Desert 
KR-35 Deinococcus apachensis 28 Sonoran Desert 
NG-371 Deinococcus sp. 28 Negev Desert 
DSM 12027T Deinococcus radiopugnans 28 NA 
KR-200T Deinococcus peraridilitoris 28 arid soil - Chile 
KR-40T Deinococcus hohokamensis 28 Sonoran Desert 
DSM 12807T Deinococcus frigens 10 Antarctic soil 
DSM 12784T Deinococcus marmoris 10 Antarctic marble 
DSM 15974T Deinococcus saxicola 10 Antarctic sandstone 
PO-04-20-132T Deinococcus radiomollis 10 Alpine soil 
DSM 15307T Deinococcus indicus 28 Indian aquifer 
KR-235T Deinococcus pimensis 28 Sonoran Desert 
Table of Deinococcus strains 
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APPENDIX B 
PHOTOMICROGRAPHS OF HYMENOBACTER ISOLATES FROM PERMAFROST 
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irFSS25 
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irFSS27 
BV-irFSS30 
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BV-irFSS32 
BV-irFSS31 
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BV-irFSS33 
BV-irFSS35 
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BV-irFSS36 
BV-irFSS37 
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BV-irFSS38 
BV-irLH24 (A) 
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BV-irLH24 (B) 
BV-irLH25 
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